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Contamination of surface and groundwater by agricultural chemicals has been a 
concern for scientists and public in general. In some areas, nitrate-nitrogen (NO3-N) levels in 
excess of the drinking water standard have been reported as a result of agricultural practices 
(Hallberg, 1986). A National Research Council report (1989) suggested that water pollution 
is the most damaging and widespread environmental effect of agricultural production. 
Pesticides and nitrogen fertilizers are used on approximately 98% of the com hectares in 
Iowa (Wintersteen and Hartzler, 1987). 
The spatial variability of field soil properties is a major factor affecting water and 
solute movement through the root zone (Bigger and Nielsen, 1976; Jury et al., 1987; Kumar 
et al., 1994). Rao and Wagenet (1985) described spatial variability due to both intrinsic and 
extrinsic factors which complicate field scale studies of pesticide behavior. As indicated by 
Hallberg et al. (1986) subsurface drainage studies can be a potential tool for assessing the 
impact of agricultural management practices on groundwater quality. Monitoring of 
subsurface drain flows to investigate tillage effects should provide more conclusive results 
because field drainage systems incorporate the complexity of the real soil-crop-water system 
as well integrate the effects of spatial variability. These aspects are not represented either in 
laboratory experiments or in measurements involving small soil cores. Fields with installed 
subsurface drain systems are many times available for water quality research at many 
research centers of the University including private farms. These areas provide potential field 
scale sites for studying transport of solutes at relatively modest cost. Several studies have 
been conducted to investigate the fate and transport of surface applied agricultural chemicals 
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to subsurface drainage waters (Kanwar et al., 1988; Everts and Kanwar, 1993; Kladivko et 
al., 1991; Czapar et al., 1994). 
The loss of soil applied nitrogen (N) and pesticides to groundwater is an 
environmental, economic, and energy conservation concern for the farmers. The fate and 
transport of agricultural chemicals (fertilizer and pesticides) can be assessed through field 
monitoring, and/or laboratory testing to determine the indices of contamination potential. 
Field testing is however limited to the number of locations and scenarios that can be feasibly 
examined and require several years of observations to collect valid data that reflect climatic 
variability. 
Besides experimental investigations and laboratory testing, mathematical modeling 
could be another approach to study the fate and transport of soil applied agricultural 
chemicals and their environmental impacts on water quality. Mathematical models also assist 
in extrapolating management impacts to sites outside the experimental area with a minimum 
of further experimentation and enables the researcher to study new management systems and 
estimate their effect on production and environment. Mathematical models are used as cost-
effective, time-saving, and environmentally safe tools to analyze the behavior of the soil-
water-crop system. In general, models are used to analyze system behavior under both current 
(or past) conditions and anticipated (or future) conditions. Simulation modeling should give 
increased insight into the system being modeled. However, it also promotes an improved 
understanding of the system through sensitivity analysis of system characteristics and 
observations of the resulting system response, as predicted by the model and characterized by 
the field data. A number of subsurface chemical transport models have been developed to 
simulate water and chemical movement in the vadose zone. Some examples of these models 
are Root Zone Water Quality Model (RZWQM; USDA-ARS, 1992 a). Pesticide Root Zone 
Model (PRZM; Carcel et al., 1985), Chemical Runoff and Erosion from Agricultural 
Management Model (CREAMS; Knisel, 1980), Groundwater Loading Effects of Agricultural 
Management Systems Model (GLEAMS; Leonard et al., 1990), Nitrogen, Tillage and residue 
Management Model (NTRM; Shafer and Larson, 1987), and GLEAMS-WT (GLEAMS-
Water Table; Reyes et al., 1993 a). Fewer models have been developed which simulate NO3-
N transport (Kanwar et al., 1983) and pesticide loss with subsurface drainage waters 
(Utermann et al., 1990). Most of these models fall in the category of one-dimensional, 
process oriented, lumped parameter models. Extensive effort has gone into the development 
of these models, yet comprehensive evaluation has been limited mainly because of scarcity of 
cognizant personnel and field data for validation and testing. 
The overall objective of this research was to simulate NO3-N and pesticide 
concentrations in subsurface drain effluents. For this purpose the DRAINAGE model 
(Kanwar et al., 1983) was selected and modified to simulate subsurface drain flows, and 
NO3-N and pesticide concentrations in subsurface drain flows. The DRAINAGE model is a 
process-based integrated model of the soil-water-plant-atmosphere system. It is very simple 
model to use and requires relatively fewer data input. It has been tested for the experimental 
site for subsurface drain flows and NO3-N concentrations in drain flows. It simulates the 
movement of NO3-N in the root zone. The specific objectives of this study were to: 
1. Modify the DRAINAGE model by changing soil layer thickness to simulate subsurface 
drain flows, and calibrate and validate the modified DRAINAGE model using 10 years of 
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field data on subsurface drain flows for the site located at Agricultural Engineering and 
Agronomy Research Center (AEARC) near Ames, Iowa (Kanwar and Baker, 1993), 
2. Develop a nitrogen subroutine based on GLEAMS model and incorporate this subroutine 
into the DRAINAGE model, and evaluate model's performance by comparing the simulated 
results with the observed NO3-N data collected from the AEARC site, 
3. Develop a preferential flow component based on the theory given by Workman and 
Skaggs (1990) and evaluate the model's performance by comparing model predicted 
subsurface drain flows with the observed flows using field data from Nashua Water Quality 
research site of the Iowa State University's Northeast research Center near Nashua, Iowa, 
4. Develop a pesticide subroutine based on GLEAMS model and incorporate this subroutine 
into the DRAINAGE model, and evaluate the model performance by comparing the 
predicted pesticide concentrations in subsurface drain flows with the observed concentrations 
from Nashua Water Quality site, and 
5. Simulate NO3-N and pesticide losses with subsurface drain water by using the modified 
DRAINAGE model and compare the results with the results predicted by the Root Zone 
Water Quality Model (RZWQM) to perform a bench mark study. 
Dissertation Organization 
This dissertation is organized in paper format and comprises five papers. Each paper 
focuses on a major objective in the same order as given above. The first paper describes the 
effect of soil layer thickness on subsurface drain flows. Model calibration and evaluation 
results are also included in this paper. 
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The second paper focuses on development of N subroutine based on GLEAMS N 
component, its incorporation into the DRAINAGE model, and calibration of the modified 
model using data from the Iowa State University's AEARC farm near Ames. Predicted NO3-
N concentrations in subsurface drain flows for 1984 through 1993 were compared with the 
observed NO3-N data to validate the modified DRAINAGE model. 
The third paper describes the development and evaluation of a preferential flow 
component and its incorporation into the DRAINAGE model. Development of a new 
infiltration component in the model is also included. This paper includes model testing and a 
comparison between the predicted and observed data from Nashua site from 1990 to 1992. 
The fourth paper focuses on the development of a pesticide component based on the 
GLEAMS model and its incorporation into the DRAINAGE model. Results on simulated 
pesticide concentrations in subsurface drain flows were compared with the observed data for 
the years 1990 to 1992. The model calibration and evaluation has been included in this paper. 
The model results were compared with the observed data on pesticide concentrations in 
subsurface drain flows collected from the Nashua Water Quality site near Nashua, Iowa. 
The final and fifth paper describes the comparison between DRAINAGE and 
RZWQM simulated results on NO3-N and pesticide concentrations in subsurface drain flows. 
This paper focuses on a comparison study between two models. At the end of dissertation, 
there is an overall summary giving major conclusions of this study and a complete 
bibliography including the references cited in the general introduction. 
EFFECT OF SOIL LAYER THICKNESS ON PREDICTING SUBSURFACE DRAIN 
FLOWS USING THE DRAINAGE MODEL 
A paper submitted to the Transactions of the ASAE 
Ajay Kumar and R.S. Kanwar 
Abstract 
The DRAINAGE model (Kanwar et al., 1983) was modified by changing the soil layer 
thickness from 15 cm to 5 cm to simulate subsurface drain flows. Field data on subsurface drain 
flows for growing seasons of 1984 through 1991 were used for model calibration and validation 
from one of the water quality research sites in Iowa. The modified model was calibrated with 
subsurface drain flow data from 1986. The results of this study indicate that subsurface drain 
flows predicted by the modified DRAINAGE model were in close agreement with the observed 
values of subsurface drain flows, although peak subsurface drain flows were underpredicted. 
The overall results of this study indicate that reduced soil layer thickness significantly improved 
the model performance. 
Introduction 
Much of the midwestem United States is characterized by fertile, flat soils with 
adequate rainfall, but many of these soils need artificial subsurface drainage improvement for 
intensive agriculture. Understanding the impacts of agricultural water management techniques 
on the environment, especially those associated with the drainage of excess water from the soil 
profile, is important for modem agricultural production in the United States. Historically, 
subsurface drains were not installed as water quality management tools, but they do have a role 
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to play in determining the fate and transport of agricultural chemicals to water resources. 
Several studies have been conducted to investigate the quantity and quality of subsurface 
drainage (Baker et al., 1975; Baker and Johnson, 1981; Hallberg et al., 1986; Kanwar et al., 
1983; Kladivko et al., 1991; Kanwar and Baker, 1993). 
Besides experimental studies, a number of modeling studies have been conducted on the 
development and utilization of mathematical models to simulate subsurface drainage. Kirkham 
(1958) developed an analytical solution for steady state flow to parallel subsurface drain in a 
homogeneous soil underlain by an impermeable layer. Dutt et al. (1972) and Duffy et al. (1975) 
developed computer simulation models which could be applied to a subsurface drained 
agricultural area. Skaggs (1978) developed a computer simulation model, DRAINMOD, that 
simulated the movement of soil water as affected by various subsurface water management 
practices. DRAINMOD has further been modified as DRAINMOD-N for predicting nitrogen 
(N) transport, uptake, and transformation in artificially drained soils (Breve et al., 1994). 
Kanwar et al. (1983) developed a computer simulation model, DRAINAGE, to simulate N 
losses with subsurface drainage water. Scotter et al. (1990) developed a simple numerical 
solution for transient soil water flow to a mole drain for assumed or measured values for 
rainfall, evaporation, deep percolation, drain spacing, and depth. Workman and Skaggs (1990) 
developed a water-management model capable of simulating preferential flow. Singh and 
Kanwar (1995) modified the RZWQM (Root Zone Water Quality Model) for simulating 
subsurface drainage by adding a subsurface drain flow component. Most of these models 
require massive data inputs to the models. The DRAINAGE model is a process-based model to 
simulate the soil-water-plant system and has the capability to evaluate the effects of various N 
8 
management practices on water quality. Verma et al. (1995) modified the DRAINAGE model 
to simulate NO3-N concentrations in subsurface drain flows by incoiporating some of the N 
transformation processes from the GLEAMS model. The soil profile in many models 
(CREAMS, GLEAMS, PRZM, DRAINMOD, DRAINAGE, and RZWQM) is divided into soil 
layers with varying thicknesses (Knisel, 1980; Leonard et al., 1987; Carsel et al., 1985; Skaggs, 
1978; Kanwaret al., 1983; Singh and Kanwar, 1995). 
But not enough work has been done to determine the effects of soil layer thickness on 
model performance in simulating various model outputs. A reduced soil layer thickness of 5 cm 
will decrease the errors by three times in water table fluctuations as compared to present 15 cm 
soil layer thickness considered in the DRAINAGE model. Therefore, the objectives of this 
study were to modify the DRAINAGE model by changing the thickness of soil layers from 15 
cm to 5 cm and evaluate its performance by comparing the simulated subsurface drain flows 
with the observed subsurface drain flows for 1984 through 1991 for a field site in Iowa. 
Model Development and Theory 
The DRAINAGE model (Kanwar et al., 1983) was developed to simulate the subsurface 
drain flows and its nitrate-nitrogen (NO3-N) concentrations in a typical agricultural field. In this 
model, the soil profile is divided into 10 layers, each with a thickness of 15 cm. The eleventh 
layer has a thickness equal to the distance between the 10th layer and an assumed impermeable 
layer of the soil profile. Within each layer, the soil properties are considered uniform. The 
model consists of two major components; (i) a hydrologic component that predicts daily runoff, 
evapotranspiration, subsurface drain flows, and soil moisture distribution in each layer, and (ii) 
a N component. A detailed description of this model is presented by Kanwar et al. (1983). The 
following discussion is a summary of the hydrology component of the DRAINAGE model. 
Hydrology Component 
The DRAINAGE model (Figure 1) simulates the major water-transport processes in the 
soil profile. It calculates the daily water-table depths, drainage into the subsurface drain, and 
surface runoff as major model outputs. The water content in the soil is expressed on a volume 
basis and varies between the wilting point (moisture content at 15 bar tension) and a saturation 
point (maximum moisture held by the soil). Above the water-table, the water content is 
assumed to vary from 15 bars to 1/3 bar (moisture content at field capacity). Because the 
properties of the actual soil profile are heterogeneous, the values of wilting point and field 
capacity and other physical properties are required as inputs for each layer. The soil profile in 
the DRAINAGE model was divided into 30 layers, each with a layer thickness of 5 cm. The 
31st layer extends from a depth of 150 cm to the depth of an impermeable layer (Figure 2). This 
was the major modification made to the DRAINAGE model. 
The evapotranspiration process is simulated in a separate subroutine used by the 
hydrology component. The hydrology component is divided into two parts, unsaturated flow 
and saturated flow, described below. 
Unsaturated Flow: The MOIST subroutine of the model first checks the water table depth and 
divides the soil profile into unsaturated and saturated zones. If the moisture content of a layer 
becomes greater than the field capacity (01/3 bar), the moisture content above the field capacity 
is drained to the next layer. If moisture content for a given layer goes below the wilting point 
(©isbar), the subsurface drainage and ET from this layer are set to zero. When the moisture 
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content is between 0i/3bar and ©isbar. the flow rate to the next layer is calculated by the equation 
given by Beek and Frissel (1973) 
v,=-D,(®)^+K,(e) (1) 
where 
V, = flow rate of water (cm/day) from layer i to i+1 
D, (0) = average diffiisivity of layer i (cm"/day) 
0, = water content of layer i (cm^ / cm^) 
Ar;(0) = unsaturated conductivity of layer i (cm/day). 
The differential equation (1) can be written as a set of finite difference equations when 
water moves from one layer to another. The flow rate between layers is calculated according to 
the following equation: 
0 , - 0  V, = (2) 
where 
L = thickness of one layer (cm) 
A- , / 2  =[£>(©-.)+£>(0,)]/ 2, average diffiisivity of soil (cm^/day) 
, average conductivity (cm/day) 
The water content for each layer for a given day is calculated from the following 
equation: 
0. = 0.(/-l)+v.(O-v.^,(O-£.(O (3) I  I  I  i+\  I 
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where £•, (0 is the evapotranspiration from layer i on day t and other terms are the same, 
as defined in the preceding paragraph. 
Runoff: Surface runoff is calculated by the curve number technique given by Mockus (1972). 
This method was selected because required inputs are generally available and it has been used 





Q = daily runoff, cm 
P = daily rainfall, cm 
5 = the retention parameter related to soil water content with the equation 
S = (UL-SM)Smx/UL (5) 
where 
SM = is the soil water content in the root zone 
UL = is the upper limit of the soil water storage in the root zone 
Smx = is the maximum value of S, estimated by using the equation 
Smx = (lOOO/CN-10) 
where CN is the curve number for the given field conditions. 
If soil water is distributed uniformly in the soil profile, equation (5) should give a good 
estimate of the retention parameter, and thus the runoff; however, if the soil water content is 
greater near the surface, equation (5) would tend to give low runoff predictions. Conversely, 
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runoff would be over predicted if the soil water content was greater in the lower part of the root 
zone. To account for the soil water distribution, a weighting technique developed by Smith and 
Williams (1980) was used . The top 12 layers of the soil profile (surface to 60 cm depth) were 
assigned weighting factors (decreasing with depth). The depth-weighted retention parameter is 
computed with the equation 
S = Stnx 1.0-£H^ 
1 = 1 
(6) 
where is the weighting factor for layer i, 5M,. is the water content of layer i, and UL^ is the 
upper limit of the water storage in layer i. The weighting factors decreased with the depth 
according to equation 
W = 1.016 
— e (7) 
where Z),- is the depth to the bottom of layer i, and RD is the total depth of the soil profile 
N 
under consideration. Equation (7) assures that = 1. Equations (6) and (7) were added to 
i=I 
the DRAINAGE model to improve its runoff predictions. 
Saturated Flow: The soil profile below the water table is considered to be a saturated zone, and 
flow in this zone is characterized as two dimensional. The subsurface flow is calculated by 
using Hooghoudts steady state equation as modified by Bouwer and Van Schilfgaarde (1963). 
The drainage flux can be calculated as: 
( I d  +  H ^ )  q^ = 4K,H.- (8) 
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where 
= drainage flux, cm/day 
AT, = effective lateral saturated hydraulic conductivity, cm/day 
H2 = height of water table at the midpoint between subsurface drains from drain line 
s = distance between subsurface drains 
d = distance between the impermeable layer and the subsurface drain. 
Once the subsurface drain flow is calculated, the water table height is adjusted so that 
the water content of the layer that contains the water table is between field capacity and 
saturation point, and the water content of the layer below the layer that contains the water-table 
is at the saturation point. If the water content of the layer becomes greater than the saturation 
point, the water content in excess of the saturation point is subtracted from this layer, and is 
added to the layer above it. The water table is then raised by one layer and vice versa.. 
Subsurface Drain Flow Simulations 
The modified DRAD^JAGE model was calibrated by using the observed data on 
subsurface drain flows for the year 1986, and its performance was evaluated by comparing the 
predicted values of subsurface drain flows with the observed flows for the years 1984, 1987, 
1990, and 1991. Observed subsurface drain flow data were collected at the Agricultural 
Engineering and Agronomy Research Center (AEARC), Ames, Iowa (Kanwar and Baker, 
1993). 
Field Experiments and Data Collection Procedures 
Field experiments were conducted at one of the research sites in Iowa from 1984 to 
1991 to determine tillage effects on subsurface drainage water quality (Kanwar and Baker, 
1993). Soil types at the experimental site were Nicollet and Clarion loam in the Clarion-
Nicollet-Webster soil association (USDA, 1984). The soil at the experimental site was 
moderately to poorly drained and formed in the glacial till under prairie vegetation. Table 1 
sunmiarizes some of the soil physical properties of the experimental plots. The experimental 
site has less than 2% slope and has 10 established subsurface drains. Each of these plots were 
drained with a single subsurface clay subsurface drain of 102 mm in diameter installed to a 
depth of 1.22 m with spacings of 36.6 m. More details about the experimental plots are given in 
Kanwar and Baker (1993). 
Sumps (corrugated steel culvert of 122 cm diameter) were installed 152 cm deep to 
intercept the subsurface drains. A float-activated continuous-water-stage recorder was used in 
conjunction with a flume to provide a lecord of the subsurface drain flow rates as a function of 
time. These flow measuring devices were designed such that the minimum measuring flow rate 
was about 0.005 L/s at a head of 0.3 cm. The subsurface drain flow rates were recorded on a 7-
day chart mounted on a rotating drum, activated by the gear-clock arrangements. The charts on 
the drum were changed every week. The data on subsurface flow as a function of time were 
collected from 1984 through 1991. Data from one of the plots from this experiment were used 
for model calibration and testing. The years 1985,1988, and 1989 were extremely dry years and 
subsurface drains did not flow the greater part of these years. 
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Model Input Data 
Weather Data: Most of the weather data needed were available for the entire growing season. 
Daily rainfall data were collected at AEARC, Ames, Iowa. Other data such as open-pan 
evaporation, wind velocity, air temperature, and soil temperature were also collected at the site. 
Daily rainfall data were used as input to the model. Daily pan evaporation data are needed as 
inputs to calculate the evapotranspiration rates from com. The model calculates the 
evapotranspiration from April to November of each year. For some years, the pan evaporation 
data were not available for the months of April and November; therefore, a fixed amount of ET 
was used for part of these months. 
Soil Properties Data: Data on initial soil water content, field capacity (0i/3bar). wilting point 
(0i5bar), diffusivity, lateral saturated hydraulic conductivity, and initial water table depth are 
required as inputs to the model. These data were taken fi'om Kanwar et al. (1983). 
Plant Growth Variables and Parameters: The planting and harvesting days for the crops, 
distribution of root system as a function of time, the crop development ratios, and crop stress 
factors as a function of soil moisture are required as inputs to the model. Moisture stress factors, 
root system distribution, and com growth functions used in this model were taken from Kanwar 
et al. (1983). 
Model Simulations and Evaluations 
Boundary and Initial Conditions 
To simulate fluctuating water table conditions, an impermeable layer was assumed at 
the bottom of the soil profile. Deep percolation through this impermeable layer was set equal to 
zero. The upper boundary was characterized by infiltration and evaporation rate at the surface 
layer. Initial soil moisture profile and water table depth were needed as inputs to the model. 
Initial soil moisture content was subjected to calibration. In the first simulation run, it was set 
equal to Qi/sbar (field capacity), but adjusted in the subsequent simulations to get subsurface 
drain flow predictions on the day observed flows were recorded. Initial water table depth was 
set equal to 120 cm. Initial soil profile moisture content and water table depths for model 
validation are presented in Table 2. 
Model Calibration 
Subsurface drain flow data from 1986 were used to calibrate the model because 1986 
had a normal and well-distributed rainfall for the entire growing season. Subsurface drain flows 
were simulated for the growing season of 1986 and compared with the observed subsurface 
drain flows. The criterion used for model calibration was to minimize the difference between 
the measured and predicted cumulative daily subsurface drain flows for the growing season of 
1986 (April 1 to November 30). A trial and error procedure was used to determine the best 
values of various parameters that were measured in the field and used in model simulations, 
such as hydraulic conductivity and initial soil water contents. Each parameter was varied within 
a reasonable range while all other parameters were kept constant. This procedure was repeated 
for other parameters for which measured values were not available. The procedure was 
continued until an acceptable value for each parameter was obtained giving reasonable 
predictions for subsurface drain flows. A list of various calibrated and measured parameters is 
given in Table 3. 
During the calibration procedure, it was found that initial moisture content of the soil 
profile had a significant effect on subsurface drain flows. When initial water content was set 
equal to 0i/3bar(field capacity) for 1986, it resulted in much higher subsurface drain flow than 
observed flows in the earlier part of the year. Therefore, initial soil moisture contents in the soil 
profile were adjusted to achieve better subsurface drain flow predictions. Also, during the 
calibration process it was observed that the model does not predict the peaks of subsurface drain 
flows very well as observed in the field, particularly after heavy rain storms. Therefore, it was 
assumed that whenever there is a runoff event, the effective saturated hydraulic conductivity of 
the soil increases and an increased value of hydraulic conductivity was calibrated for those 
events. This concept has originated from the ongoing research on preferential flow (Everts and 
Kan war, 1990). 
Figure 3 shows daily simulated and measured subsurface drain flows for the 1986 
growing season. There is generally a good agreement between the observed and predicted 
values, although discrepancies exist for some days. Table 4 gives the total predicted and 
observed subsurface drain flows for 1986. Although the modified model under-predicted the 
magnitude of peak flows, the modified model successfiilly predicted peak flows for the same 
day as they were observed in the field and also predicted zero subsurface drain flows for the 
days when drains actually stopped flowing. But the model could not simulate all the peaks as 
observed in the field and also missed peaks altogether for some of the rainfall events. Given that 
certain degrees of spatial variability exist under field conditions, the modified model predicted 
subsurface drain flows reasonably well. Also, a number of uncertainties exist in the 
deterministic, physically based models (Smith et al., 1989). The deterministic models do not 
account for spatial variability of various parameters involved. There can be considerable 
variation within small distances. Moreover, errors due to inadequate or faulty representation of 
the system are inherent in all models. Also, the DRAINAGE model uses the SCS curve number 
technique for dividing rainfall between runoff and infiltration, which doesn't consider variations 
in infiltration rate with rainfall intensity. Incapability of the model to take into account the 
spatial variability and weather induced changes in the soil properties such as macroporosity also 
contribute to the discrepancies between the observed and simulated subsurface drain flows. 
Model Testing and Evaluations 
To test the ability of the modified DRAINAGE model to predict subsurface drain flows, 
the model performance was compared with the observed drain flow data for the years 1984, 
1987,1990, and 1991. Simulations were conducted from April 1 to November 30 for each year. 
These data represent the beginning and ending of the observed subsurface drain flows. 
Monthly and total subsurface drain flows predicted by the modified (with a layer 
thickness of 5 cm) and original (with a layer thickness of 15 cm) DRAINAGE models for the 
years 1984 through 1991 are provided in the Table 4. Figure 4 shows the observed and 
predicted daily subsurface drain flows by the original and modified DRAINAGE models for the 
year 1990. Predicted subsurface drain flows for 1990 compare reasonably well with observed 
flows. Figure 4 indicates that the modified DRAINAGE model does a better job in simulating 
subsurface drain flows compared with the original DRAINAGE model. But the model could 
not simulate all the subsurface drain flow peaks as observed in the field. Simulated subsurface 
drain flows followed the same trend for other years of model testing (Table 4). 
There were discrepancies each year in the beginning of the simulation process resulting 
from a lack of field data for soil profile initialization. Also, true steady state conditions seldom 
exist under field situations. Despite the assumed steady state conditions within each time 
increment (one day) and the complexity of the drainage problem, the modified DRAINAGE 
model does a much better job in predicting total subsurface drain flows for the growing seasons 
of 1984, 1987,1990, and 1991 (Table 4). 
Effect of Layer Thickness on Subsurface Drain Flows and Peaks 
The DRAD>^AGE model was modified by changing the soil layer thickness from 15 to 5 
cm and subsurface drain flow predictions by the modified DRAINAGE model were compared 
with the observed and original model predictions for 1984 through 1991. The required input 
data and all soil physical properties were kept the same for both the original and modified 
DRAINAGE model simulations. 
Table 4 gives monthly and total observed and predicted subsurface drain flows for the 
years 1984 through 1991. Figures 3 and 4 show the comparison between observed and predicted 
subsurface drain flows by original and modified DRAINAGE models for the years 1986 and 
1990, respectively. It is clear fi-om Figures 3 and 4 that predictions of subsurface drain flows 
were improved by the modified DRAINAGE model and were close to observed values as 
compared with the subsurface drain flows predicted by the original DRAINAGE model. On an 
average, total subsurface drain flows predicted by the modified DRAINAGE model were close 
to observed values as compared with the prediction by the original DRAINAGE model for all 
years except 1984 (Table 4). The reason for this improvement in prediction is that the water 
table is increased or decreased only by 5 cm in the modified DRAINAGE model as compared 
with 15 cm in the original DRAINAGE model. This reduces the errors in calculating the water 
table depths by one third. In the event of rain, the water table fluctuates faster in the modified 
DRAINAGE model and thus gives better predictions for drain flows. 
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Figures 3 and 4 show that the subsurface drain flow hydrograph predicted by the 
original DRAINAGE model seems to resemble stair steps, whereas a smooth subsurface drain 
flow hydrograph was predicted by the modified model. The reason for this behavior could be 
attributed to the fact that the water table does not stay in the 5 cm layer for longer time as 
compared to the 15-cm-thick layer. For a drainage event, the water contributed by each layer is 
equal to drainable porosity. With the original model, moisture content in the layer just below 
the water table may not change even after drainage and thus provides the same water table for 
the next several days. The smooth prediction of subsurface drain flow hydrograph by the 
modified DRAINAGE model is more reasonable. 
It is also clear from Figures 3 and 4 that drain flow peaks were better predicted with the 
modified DRAINAGE model as compared with the peaks predicted by the original 
DRAINAGE model. For example in 1990, on Julian days 139 and 168, the peaks predicted with 
the modified model were greater and much closer to the observed peak flows compared with 
the peaks predicted by the original DRAINAGE model. Similar trends of better peak flow 
predictions were found for all years (Table 5). On an average, peaks of subsurface drain flows 
were improved with the modification in the DRAINAGE model. 
Summary and Conclusions 
Subsurface drain flows were simulated for the years 1984 through 1991 by using the 
modified DRAINAGE model. The model was fu^t calibrated to minimize the difference 
between cumulative predicted and observed subsurface drain flows for 1986. Subsurface drain 
flows were then simulated for the years 1984,1987,1990, and 1991 and compared with the 
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observed data to test the model performance. Predicted subsurface drain flows by the modified 
DRAB^AGE model compared well with the measured subsurface drain flows for all years. The 
peak subsurface drain flows predicted by the modified DRAINAGE model were improved as 
compared with the peaks predicted by the original model. In general, the modified DRAINAGE 
model does a much better job in predicting overall subsurface drain flows for all the simulated 
years. 
On an average, peak subsurface drain flows were improved with the modifications 
made in the DRAINAGE model by changing the thickness of the soil layer. The overall results 
of this study indicate that reduced soil layer thickness improved the model performance 
significantly. 
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Table 1. Physical properties of the Nicollet soil at the experimental site 









Porosity Bulk " 
density 
cm % % % % % g/cxv? 
0-15 42.0 35.2 22.8 4.3 0.44 1.49 
15-30 35.7 38.2 26.1 4.0 0.49 1.36 
1 30-45 34.1 38.4 27.5 3.2 0.51 1.30 
1 45-90 38.0 36.0 26.0 2.6 0.49 1.37 
1 90-120 53.1 25.2 21.7 0.5 0.46 1.44 1 
" Bulk densities of the tilled plots were found to be close to those of no-till plots. 
Soil properties linearly interpolated for depths at which such data were not measured 
Table 2. Initial soil moisture contents (cmVcm^) in soil profile and intial water table 
depths 
Year WTD(cm) Moisture Content (cm /cm ) 
1-6* 7-9 10-12 13-21 22-24 25-30 
1984 120 0.32 0.30 0.32 0.22 0.23 0.36 
1986 120 0.33 0.31 0.34 0.28 0.28 0.36 
1987 120 0.30 0.29 0.30 0.25 0.25 0.36 
1990 120 0.28 0.27 0.28 0.22 0.24 0.36 
1991 120 0.33 0.31 0.33 0.26 0.26 0.36 
* Numbers 1-6, 7-9, and so on represent layers of the soil profile each with a thickness 
of 5 cm. 
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Table 3. Summary of input parameters for the DRAINAGE model 
Parameters Calibrated or measured values 
Drain depth 120 cm 
Drain diameter 10.2 cm 
Drain spacing 3658 cm 
Depth from drain to impermeable layer 270 cm 
Drainable porosity 0.05 
1-d effective lateral Kjat 15 cm/day 
1-d effective lateral Ksat (during runoff events) 30 cm/day 
Maximum root depth 120 cm 
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Table 4. Monthly and seasonal total observed and predicted subsurface drain flows 
for 1984 to 1991 
Year Month Rainfall, Observed Predicted subsurface drain flows, cm 
cm flows, cm 
DRAINAGE Modi fled 
Model DRAINAGE Model 
1984 April 17.34 6.30 3.37 4.97 
May 12.85 6.40 7.08 8.12 
June 16.70 5.60 7.02 8.11 
July 8.63 0.00 1.03 1.25 
Aug. 0.78 0.00 0.00 0.00 
Sept. 10.14 0.00 0.00 0.00 
Oct. 9.23 0.00 0.00 0.00 
Nov. 5.22 0.00 0.00 0.00 
Total 80.89 18.30 18.50 22.45 
1986 April 13.21 5.28 6.02 7.01 
May 13.83 9.54 8.28 8.84 
June 16.53 3.50 3.73 4.49 
July 13.90 2.59 0.98 2.97 
Aug. 9.11 0.20 0.00 0.00 
Sept. 17.51 2.40 0.00 0.39 
Oct. 11.56 8.57 3.94 5.17 
Nov. 3.11 1.23 3.56 3.94 
Total 98.76 33J1 26.51 32.81 
1987 April 5.51 3.10 1.03 2.76 
May 9.20 1.90 1.55 2.11 
June 7.70 4.00 0.71 0.92 
July 14.66 0.50 0.00 0.00 
Aug. 32.00 3.30 1.66 1.97 
Sept. 5.26 2.60 3.89 5.09 
Oct. 2.87 0.00 1.40 1.22 
Nov. 6.91 0.00 0.00 0.13 
Total 84.11 15.40 10.24 14.20 
1990 April 5.08 0.00 0.00 0.00 
May 21.72 6.30 4.85 6.21 
June 21.01 8.90 6.96 8.14 
July 19.56 5.90 4.88 7.00 
Aug. 10.90 0.70 0.65 1.98 
Sept. 5.72 0.00 0.00 0.24 
Oct. 4.17 0.00 0.00 0.00 
Nov. 3.94 0.00 0.00 0.00 
Total 92.10 21.80 17J4 23.57 
1991 April 23.29 12.40 7.37 8.37 
May 13.18 6.20 8.04 8.78 
June 10.62 5.60 5.99 7.05 
July 4.42 0.00 0.87 0.71 
Aug. 9.27 0.00 0.00 0.00 
Sept. 5.99 0.00 0.00 0.00 
Oct. 8.46 0.00 0.00 0.00 
Nov. 7.21 0.00 0.00 0.00 
Total 82.44 24.20 22.27 24.91 
Overall Average for 
five years 87.68 22.60 18.97 23.59 
Standard Deviation 7.54 6.86 6.06 6.64 
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Table 5. Comparison between observed and predicted daily subsurface drain flow 
peaks for some rain events from 1984 to 1991 
Year Month Rainfall, Observed Predicted subsurface drain flow 
cm peaks, cm peaks, cm 
DRAINAGE M. DRAINAGE* 
1984 April 30 4.24 0.53 0.51 0.48 
May 29 5.16 0.72 0.41 0.48 
June 17 3.15 0.57 0.61 0.68 
1986 May 9 3.40 0.62 0.21 0.41 
May 15 2.44 0.56 0.61 0.57 
1987 Aug 26 7.09 0.66 0.24 0.31 
1990 May 19 6.40 0.59 0.32 0.32 
June 17 4.78 0.61 0.32 0.54 
June 19 2.64 0.49 0.61 0.61 
July 12 2.72 0.39 0.32 0.45 
July 27 2.84 0.30 0.15 0.29 
1991 April 12 4.62 1.71 0.51 0.51 
May 5 2.03 0.41 0.51 0.57 
June 4 4.52 0.58 0.51 0.54 





I=last unsaturated layer 
No es 
FLRT = Moisture flow rate 
THETA(I) = Moisture content of layer I 
THF(I) = Field Capacity moisture content of layer I 
THR(I) = Wilting Point moisture content of layer I 
RETURN 
1=1+1 
ET(I) = 0 
F1.RT(I+I) = 0 
Moisture flow rate by unsat. flow eqn. 
FLRT(I+l)=D(l)[dO{I)/dz(l)]+K(I) 
Flow rate equals to excess moisture 
FLRT(I+1 )=THETA{I)-THF(I) 
Calculate soil moisture movement 
in unsaturated layers 
Check the water table depth and determine 
the thickness of the unsaturated zone 
Determine ET from unsaturated 
layers in the profile 
Determine average inter-layer hydraulic 
conductivity and diffusion coefficient 
Update soil moisture content of the layer 
Calculate actual ET from the layer 
Update soil water potential for each layer 
Update soil hydraulic properties 
Adjust the water table depth 
and thickness of the unsaturated zone 
Calculate drainage flux by Hooghout's 
equation 
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Figure 4. Daily rainfall and observed and simulated subsurface drain flows for year 1990 
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EVALUATION OF THE DRAINAGE-N MODEL FOR PREDICTING NO3-N 
CONCENTRATIONS IN SUBSURFACE DRAINAGE WATER 
A paper submitted to the Transactions of the ASAE 
Ajay Kumar and R.S. Kanwar 
Abstract 
The DRAINAGE-N model (Kumar and Kanwar, 1995) was further extended to 
simulate nitrate-nitrogen (NO3-N) concentrations and NO3-N losses with subsurface drain 
flows by incorporating a new nitrogen component patterned after GLEAMS (Knisel, 
1993). Data on NO3-N concentrations firom a field study (Kanwar and Baker, 1993) of 
subsurface drain flows were used to calibrate and validate the modified model for the 
growing seasons of 1984 through 1991. Simulated NO3-N concentrations and losses with 
subsurface drain flows were compared with the measured values. Predicted NO3-N 
concentrations were similar to observed concentrations, with a few exceptions. Predicted 
seasonal NO3-N losses with subsurface drain flows were also in close agreement with the 
observed data (overall percentage error being 10.5%). Also, predicted soil profile NO3-N 
concentrations were within a range of ± one standard deviation from the means of 
observed concentrations, with a few exceptions. Overall results of this study indicate that 
the DRAINAGE-N model has good potential for simulating long-term NO3-N 
concentrations and losses with the subsurface drain flows. 
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Introduction 
Agricultural chemicals in surface water bodies and groundwater aquifers are 
recognized as major contributors to the water quality problem in many areas of the United 
States, especially the Midwest. One of the major pollutants is NO3-N which is very 
susceptible to leaching to groundwater systems, and possibly causing environmental, 
economic, and energy conservation concerns (Baker et al., 1975; Galinato, 1987; Kanwar et 
al., 1988). Researchers have reported excess NO3-N concentrations in drainage waters and 
groundwater (Baker and Johnson, 1981; Hallberg et al., 1986; Kladivko et al., 1991). Several 
experimental studies have been conducted to study the extent of NO3-N pollution in drainage 
waters, and ultimately resulting in development of agricultural management practices to 
prevent groundwater pollution from agricultural chemicals (Kanwar et al., 1988; Gold and 
Loudon, 1982; Owens, 1987; Rice and Smith, 1982; Kanwar and Baker, 1993). But 
experimental studies are often site specific and limited to a few locations. Moreover, these 
studies require several years of field data before any kind of agricultural management practice 
can be developed. 
Besides experimental investigations, a number of computer simulation models have 
been developed to asses the water quality problem, and to develop management practices. 
These simulation models can be used as inexpensive, time saving, and environmental friendly 
techniques to evaluate the effect of agricultural management practices on the subsurface 
movement of agricultural chemicals. For example, Kanwar et al. (1983) developed a 
simulation model (DRAINAGE) to study the major water and N transport processes 
occurring in a typical agricultural watershed during the crop growth period. DRAINMOD 
35 
(Skaggs, 1978) was further developed as DRAINMOD-N (Breve et al., 1994) for predicting 
N-transport, uptake, and transformation in artificially drained soils. NTRM (Shaffer et al., 
1983; Shaffer and Larson, 1987) which emphasizes soil N dynamics and management 
decisions was developed to make long-term predictions of yield and environmental impact. 
Singh and Kanwar (1995) used the RZWQM (Root Zone Water Quality Model) to simulate 
NO3-N concentrations in drainage water affected by tillage under continuous com crop 
rotations. However, most of these models either have not been fully tested, or require 
complex and large amounts of field data as inputs to the model. Verma et al. (1995) modified 
the DRAINAGE model to simulate NO3-N concentrations in subsurface drain flows by 
incorporating denitrification and mineralization processes based on the GLEAMS model. 
They have reported improvements in predictions of NO3-N concentrations in subsurface drain 
flows; however, the original DRAINAGE model still uses the empirical functions for several 
N processes and does not consider immobilization of N. Also, mineralization and 
denitrification processes are affected by several other factors such as surface residue, and 
total N in plow layer, and not just by moisture and temperature of soil profile as modified by 
Verma etal. (1995). 
Therefore, the purpose of this study was to incorporate a new N subroutine, based on 
the GLEAMS model (Knisel, 1993), in the DRAINAGE model (Kumar and Kanwar, 1995) 
to predict NO3-N concentrations in subsurface drain flows. Recent modifications in drainage 
component (Kumar and Kanwar, 1995) have made this model capable of simulating 
subsurface drain flows more accurately. The following were the specific objectives of this 
study: 
1. To incorporate a new N subroutine based on the GLEAMS model's N processes into the 
DRAINAGE-N model (Kumar and Kanwar, 1995) to simulate NO3-N concentrations in 
subsurface drain flows; this model will be called DRAINAGE-N. 
2. To test and evaluate the DRAINAGE-N model by simulating NO3-N concentrations and 
NO3-N losses with subsurface drain flows for 1984 through 1991 and compare the results 
with the observed data from one of the water quality sites in Iowa (Kanwar and Baker, 1993). 
Model Development and Theory 
The new subroutine for N transport was developed and incorporated into the 
DRAINAGE-N model to simulate NO3-N concentrations in subsurface drain flows. A 
detailed description of the DRAINAGE-N model is given by Kumar and Kanwar (1995). All 
N transport and transformation processes (Figure 1) were adopted from the GLEAMS 
technical documentation (Knisel, 1993). The following sections briefly describe NO3-N 
transport processes in the DRAINAGE-N model. 
Mineralization 
Nitrogen mineralization in the DRAINAGE-N model is considered as a two-stage 
process. The first stage being a first-order ammonification process and the second a zero-
order nitrification process. Ammonification occurs from the active soil N, fresh organic N 
from the roots, and surface residue. Parton et al. (1978) designated two soil organic carbon 
pools based upon carbon:nitrogen (C:N) ratios. The active mineralization pool had a half-life 
of a few years and a C:N ratio of 12-25. The long-term stable pool, from which 
mineralization did not take place , had a C:N ratio less than 12. Sharpley and Williams 
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(1990), following the work of Seligman and Van Keulan (1978), defined an active 
mineralization pool with a C:N ratio less than 25, and a stable pool from which 
mineralization did not occur without denoting a C:N ratio. Sharpley and WiUiams (1990) 
further indicated a N flux between the two pools governed by the relative pool sizes and 
expressed as 
(,) 
'  {POTMN,+SOILI^,) 
where RTN is the ratio of readily mineralizable N to total soil N; POTMN is the active N 
pool (potential mineralizable), kg/ha; SOILN is the stable soil N pool, kg/ha; and subscript i 
is the computation soil layer. Because the values for POTMN for different soil layers were 
not available for the experiment site, so they were obtained by multiplying soil mass to the 
organic matter of that layer. A flux of organic N between the active and stable pools, RON 
for layer i, kg/ha/d, is defined as 
RON, = BKN POTMN, ( 1 ] -SOILN, [RTN,] (2) 
where BKN is a rate constant, 1*10'^ kg/ha/d. The daily flow of RON is added to SOILN and 
subtracted from POTMN. If POTMN becomes small compared with SOILN, then the 
resultant RON in eqn. (2) becomes negative, and the daily flow is from SOILN to POTMN. 
Mineralization of N, MN, kg/ha/d. occurring in layer i from the active N pool is 
estimated as: 
MN. = (CMN) * {POTMN,) * [(5WFi4,) * )f (3) 
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where CMN is mineralization constant, TFA is temperature factor for ammonification, and 
SWFA is the soil water factor for ammonification. The daily MN is added to the NH4-N 
(AMON) and subtracted from POTMN. The soil water and temperature factors for 
ammonification, SWFA and TFA, respectively, are estimated as 
SWFA, = for SW <= FC (4) 
{FC-WP,) 
TFA,= r forTi>0 (5) 
^ 7: + exp(9.93-0.3127;) 
where SW is the volumetric soil water content in layer i, cm/cm, WP is the volumetric water 
content of layer i at 1500 kPa, cm/cm, FC is ±e volumetric water content in layer i at 33 kPa, 
cm/cm, and T is soil temperature in° C. If SW > FC, the SWFA = 0, also for T <= 0, the TFA 
= 0, and ammonification does not occur. 
The second stage of mineralization, nitrification, is considered as a zero-order 
process, i. e., the rate of nitrification is not a function of the amount of ammonium-nitrogen 
(NH4-N) in the soil layer. Nitrification, NIT, kg/ha/d, is calculated as 
^ , ^ ^ _ i T F N , ) H S W F N , )  
SOILMS, 
where TFN is the temperature factor for nitrification, SWFN is the soil water factor for 
nitrification, and SODLMS is the soil mass, Mg/ha. The maximum rate of nitrification given 
by Bhat et al. (1981) is 14.3 mg NOs-N/kg soil/d. NIT is added to the mass of NO3-N, SN03, 
kg/ha, and subtracted from the NH4-N, AMON, daily. The temperature factor, TFN, is 
defined as 
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TFNi=:0 T i < 0 ° C  
TFNi =0.496 Ti 0<7:<10°C 
TFNj = exp '22.64- ' Ti>10°C (7) 
(7;+ 273), 
Nitrification occurs when the soil water content is above the immobile water content and 
below saturation with an optimum at field capacity. The soil water factor for nitrification, 
SWFN, ranges from 0 to 1 and is estimated as 
SWFN. = 0 SW,<WP, 
CW _ WP 
SWFN I = ' WP,<SW,< Fq 
' FC-WP 
SWFN, = 1- ^ SW^-FQ ^ 
y S A T - F ^ j  
Fq <SW,< SAT, (8) 
SWFN. = 0 SW,> SAT, 
where SAT is the volumetric water content at saturation, cm/cm, whereas other terms are the 
same as described above. Mineralization of N also occurs from crop residue on the soil 
surface, root residue in the soil, and from organic N in animal waste on the soil surface and in 
the root zone; however, animal waste application is not considered in this model 
development for N transport. 
Ammonification of crop residue in the soil is simulated according to the procedure 
described by Sharpley and Williams (1990). Fresh organic N in the root zone from the crop 
residue, FON, kg/ha, acted upon by the soil microbes results in ammonification, expressed as 
RMN, = [OCR, ){FON,) (9) 
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where RMN is the residue mineralization rate, kg/ha/d, and DCR is a residue decay rate 
constant, kg/ha/d, which is a function of the C:N ratio, crop residue composition, 
temperature, and soil water content. DCR is estimated from 
DCR, = (C/V/))(/?C;.)[(SWE4,)(rFA)f' (10) 
where CNP is a C;N ratio factor, RC is a residue composition factor, and the other terms have 
already been defined above. The value of CNP is calculated from: 
f expr-0.693(C/V/? - 25) / 25] C/VP. = min<^ v / j 
ll.O 
where CNR is the C:N ratio and is defined as 
058(Fi?£5,) CNR = (12) 
' F0N,+SN03+AM0N, 
where FRES is fresh residue, kg/ha; FON is fresh organic nitrogen, kg/ha; SN03 is NO3-N in 
the soil profile, kg/ha; and AMON is NH4-N, kg/ha. 
The value of the residue decomposition factor, RC, in equation (10) is determined by 
the stage of residue decomposition. The rate for the first 20% is for carbohydrate-like 
material, 20-90% is for cellulose -like material, and the final 10% is for lignin (Sharpley and 
Williams, 1990). Values of RC are 
RC = 0.8 DECOMP < 20% 
RC = 0.05 20% < DECOMP < 90% (13) 
RC = 0.0095 DECOMP > 90% 




The C:N ratio of residue must be less than about 25:1 to have an optimum population 
of microorganisms for mineralization. For a C:N ratio greater than 25, microbes assimilate N 
onto the residue from readily-available sources such as soil N and NH4-N. Immobilization 
continues until the C:N ratio is decreased to approximately 25. This process, or 
transformation, is important in the complete N cycling because it may affect the state of some 
species relative to other processes, e. g., NH4-N and NO3-N available in the shallow soil 
layers for newly emerged plants, or available for movement deeper into the root zone. The 
present subroutine considers only two sources of N for immobilization, NEU-N and NO3-N, 
and is calculated as 
where WIMN is the N immobilization rate, kg/ha/d, and Cnfr is the concentration of N in the 
fresh residue, kg/ha, estimated as 
All the terms have been defined earlier. The value 0.016 in eqn. (14) results from the 
assumptions, that C = 0.4 FRES, that 0.4 of the C is assimilated, and that the C:N ratio is 10 
for the microbial biomass and their labile products. If the amount of available NH4-N and 
NO3-N is less than the immobilization , the decay rate is adjusted as 
WIMN., = {DCR){FRES)[Qm6- (14) 
(15) 




which allows only 95% of the available NO3-N and NH4-N in layer i to be immobilized. The 
fresh residue in each layer is reduced by DCR from eqn. (10) or by DCRPR from eqn. (16), 
whichever is appropriate. 
The amount of immobilization, WIMN, or the amount adjusted to 95% availability is 
added to FON on the day of occurrence. If immobihzation is not limited, WIMN is 
partitioned between SN03 and AMON by the relative amounts of each component. The 
fraction of N immobilization as NO3-N from SN03 is 
SN03. FRACNO: = ! (17) 
' SN03, + AMON, 
and the fraction of AMONi is 
FRACNH, = 1 - FRACNO (18) 
The amount of NO3-N and NH4-N immobilized is subtracted from SN03i and 
AMONi, respectively. Immobilization of NO3-N and NH4-N onto surface residue is 
simulated in the same manner as that given above. This process is an addition to the 
modification made by Verma et al. (1995). 
Denitrification 
Soil NO3-N can be reduced to N gases through denitrification by anaerobic bacteria 
when soil water content exceeds field capacity. The process is important in humid climates in 
which percolation occurs frequently or a higher water table occurs within the root zone. 
Denitrification is a first-order process with a rate constant function of organic carbon, and 
modified by soil water content and temperature. The active energy source for denitrification 
is defined as 
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18 POTMN, + 05S{FRES,) 
SOILMS: 
(19) 
where SC is the active soil carbon, mg/g, and the other terms have been defined previously. 
The daily decay rate, DK, is calculated as 
The soil temperature adjustment for denitrification rate for any soil layer, TFDN is 
calculated as given in eqn. (5). Smith et al. (1980) stated that denitiification really begins 
when soil water content is 5 to 10% above field capacity. In the present study, it was assumed 
that denitrification should begin at 10% above field capacity, and increase to a maximum of 
unity at saturation given as 
All the terms in eqn. (21) are the same as defined above. Denitrification, DNI, kg/ha, is 
DK, = 24[(0.00225q) +0.0042] (20) 
SWFD, 
SAT, - [Fq + 0.10(5A7: - Fq) 
(21) 
DNI, = 5A^03,.|l-exp[-(D/s:,)(rFDA^,.)(5VVFD )]} (22) 
DNI is subtracted from SN03 for each layer on the day of occurrence. 
Nitrogen in Runoff and Percolation 
NO3-N is not adsorbed by the soil, and moves entirely in solution. Thus, 
concentration of nitrate in the water, CN03W, mg/L is 
CN03W = 05 (5A^03i)*10^ 
SOILMS, 
(23) 
and the runoff NO3-N, R0N03, kg/ha, is 
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R0N03 = 0.\{CN03W^){Q) (24) 
where Q is the runoff in cm. Runoff losses of NO3-N and NH4-N decrease the mass of N that 
remains in the top layer of soil, available for movement with infiltrating water into the second 
and/or lower layers. The NO3-N remaining in the surface layer after the runoff event is 
where (SNOSOo is the NO3-N in soil layer 1 at the beginning of the runoff event. N03-N in 
the runoff water from the first layer was considered in the DRAINAGE-N model, an 
additional modification to Verma et al. (1995). 
Nitrogen Uptake 
It has been assumed that NO3-N is taken up by the plants along with the crop water 
transpired. The N uptake, DNTUP, is patterned after that in the DRAINAGE model (Kanwar 
et al., 1983) and is calculated by the following relationship: 
where (DNTUP)i is the rate of N uptake from layer i, kg/ha/d, ETiis the evapotranspiration 
from layer i and F is the factor for approximating the amount of transpiration. 
Rainfall and Fertilizer Nitrogen 
Rainfall contains both NH4-N and NO3-N. For simplification of model input, it is 
assumed that all of the rainfall N is in the form of NO3-N. Also, it is assumed that the 
concentration in rainfall remains the same throughout the model simulation period. It is used 
to calculate the NO3-N addition as 
SN03^ = {SN03^ )p - R0N03 (25) 
{dntup\ = [et\{no,-n)Xf\ (26) 
RN = 0.01{RCN){PREC) (27) 
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where RN is rainfall nitrate, kg/ha; RCN is the concentration of NO3-N in rainfall, mg/L; and 
PREC is rainfall in cm. RN is added to the NO3-N in soil layer 1, (SN03i ), where it is 
available for runoff, leaching, and uptake. 
Because separate NO3-N and NH4-N pools are maintained, and nitrification is 
simulated separately from ammonification, NO3-N and NH4-N fertilizers are distinguished in 
application. 
NO3-N Concentrations in Subsurface Drain Flows 
NO3-N concentrations of the drainage water are functions of the NO3-N 
concentrations in the saturated soil profile (Dutt et al., 1970). On the basis of the flow net 
studies conducted by Luthin (1966) and Kirkham (1966), it was assumed that the NO3-N 
concentrations in the drainage water would be proportional to the NO3-N concentrations in 
soil layers below the water table. The NO3-N concentrations in drainage water were estimated 
by the following relationship: 
N 
^CNORTK{i)*WF(i) 
CNORZ = (28) 
30-IKX 
where CNORZ is the NO3-N concentration in drainage water, CNORTX is the NO3-N 
concentrations in soil layers below the water table, 30-IKX are the total layers below the 
water table, and WF is the weighting factor as described by Kanwar et al. (1983). CNORTX 
is calculated as 
SNO?) *10 CNORTX, = —- (29) 
SOILM. 
where SOILM is the soil moisture in layer i in cm. 
Once the NO3-N concentrations in drainage water are calculated, the NO3-N 
concentrations in all soil layers are updated with the following equation 
SN03, = SN03i - DNTUP, - SLIVER * CNORTX, (29) 
where SLIVER is the amount of drainage extracted from each layer after calculating total 
drainage by the Hooghout's equation, and the other terms are the same as defined earlier. The 
NO3-N flux from each layer was calculated by using mass flow and diffusion/dispersion 
processes as described in Kanwar et al. (1983). 
Model Simulations and Evaluations 
Field Data on Observed NO3-N Concentrations in the Subsurface Drain Water 
Measured NO3-N concentrations in subsurface drain effluent were taken from 
database files of Iowa State University's Water Quality Research Site at Ames, Iowa (Kanwar 
and Baker, 1993). The study site is located on a Clarion-Webster soil with a 3 to 4% organic 
matter. The drainage system consists of 10.2 cm dia subsurface drains, spaced 36.6 m apart. 
Each drain line is installed at 120 cm depth, and drains about 0.42 ha area. The subsurface 
drain lines were intercepted for water quality and quantity monitoring. Subsurface drain water 
samples were collected three times a week for NO3-N analysis. Measured data on NO3-N 
concentrations in drain water from one of the subsurface drains were used for model 
calibration and evaluation. Also, periodic soil samples were taken from different depths for 
NO3-N analysis. Data on soil NO3-N concentrations were also used for model verification. 
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Model Input Parameters 
Dates of planting, harvesting, and fertilizer application were required as inputs to the 
model. Table 1 shows some of the field activities for the experimental site for 
1984,1986,1987, 1990, and 1991. 
The modified DRAINAGE model was calibrated for the year 1986. A detailed 
procedure on calibration for subsurface drain flows is given by Kumar and Kanwar (1995). 
Data on surface residue, organic matter, bulk density for soil profile, initial soil water 
content, water table depth, and initial NO3-N concentrations for soil profile are needed as 
inputs to the model. Because the measured values of surface residue and potential 
mineralizable N concentrations in each layer were not available, these values were calculated 
from yield and total N in the plow layer, respectively. Table 2 provides the initial 
concentrations for all the simulated years. 
Model Calibration 
Data on NO3-N concentrations for the year 1986 were used to calibrate the 
DRAINAGE-N model. Because the modified DRAINAGE model (Kumar and Kanwar, 
1995) was already calibrated for subsurface drain flows, only N subroutine was calibrated in 
the DRAINAGE-N model. The criterion used for calibrating the model was to minimize the 
difference between the measured and predicted NO3-N losses for the growing season of 1986 
(April to November). A trial and error procedure was used to calibrate the best value of any 
parameter that could not be physically measured such as mineralization rate constant. Each 
parameter was allowed to vary within a reasonable range while all other parameters were kept 
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constant, the procedure was continued until an acceptable value for the parameter was 
obtained. 
Figure 2 shows the daily measured and predicted subsurface drain flows and NO3-N 
concentrations for the year 1986. There is generally good agreement between measured and 
predicted NO3-N concentrations, although discrepancies exist for some days. The average 
predicted NO3-N concentrations and losses for the growing season of 1986 were also very 
close to the measured values (Tables 3 and 4). 
Model Testing and Evaluation 
Simulated NO3-N Concentrations in Subsurface Drain Flows 
The NO3-N concentrations in subsurface drain flows were predicted for 1984, 1987, 
1990, and 1991 by using the DRAINAGE-N model to test and evaluate the model. Figure 3 
shows simulated and observed NO3-N concentrations in subsurface drain flows for 1984. 
Similar comparisons for 1990 and 1991 are shown in Figures 4 and 5, respectively. These 
figures show that predicted NO3-N concentrations in subsurface drain flows compare 
reasonably well with daily measured values with a few exceptions. Predicted NO3-N 
concentrations in subsurface drain flows decreased with increased subsurface drainage, and 
vice-versa. Discrepancies between predicted and observed NO3-N concentrations in 
subsurface drain flows could be due to initial conditions, inaccuracies in the hydrology 
component, and errors in assuming soil physical parameters for model simulations. Also, 
unaccounted lateral groundwater flow and NO3-N losses and unaccounted deep seepage and 
NO3-N losses could be few other reasons for these discrepancies. Moreover, model 
predictions are sensitive to initial conditions in the hydrology component (Kanwar et al., 
1983). 
Tables 3 and 4 provide the flow-weighted measured and predicted average 
concentrations and total NO3-N losses in the subsurface drain flows for all five years of 
simulation. The years 1985,1988, and 1989 were extremely dry years and no data were 
available for model evaluations; therefore, no simulations were conducted for these years. 
Average predicted NO3-N concentrations for each year were close to the measured values. 
The maximum percentage error was about 22% for 1990; however, for other years, simulated 
concentrations were within 8% of the measured values. The model-predicted seasonal NO3-N 
losses agreed well with the observed NO3-N losses in subsurface drain effluent for all years 
(overall percentage error being 10.5%). Similar predictions for average NO3-N concentrations 
and losses with subsurface drain flows were found for all the other years (Tables 3 and 4). 
But there were some discrepancies in NO3-N simulations for each year resulting from 
lack of field data for initialization. Despite the assumed steady-state conditions within each 
time increment (one day) and the complexity of the drainage problem, the DRAINAGE-N 
model was found to simulate long-term NO3-N losses in drainage water reasonably well. 
NO3-N Concentrations in Soil Profile 
NO3-N concentrations were measured in the soil profile for Julian Days 169, 183, and 
232 in 1986 and on Julian Day 275 in 1987. These measurements were made by taking 150 
cm long soil cores and sectioning them into the following depths: 0-15, 15-30, 30-60, 60-90, 
90-120, and 120-150 cm. These samples were analyzed for soil moisture and NO3-N 
concentrations. Soil sampling and analysis methodology is described in detail by Varshney et 
al. (1993). 
Figures 6 through 9 show the measured and predicted soil profile NO3-N 
concentrations for Julian Days 169,183, and 232 of 1986 and Julian Day 275 of 1987, 
respectively. Although the magnitude of predicted NO3-N concentrations in the soil profile at 
all depths did not match very well with observed values, predicted concentrations were, more 
or less, in the range of maximum and minimum observed NO3-N Concentrations. The error 
bars on Figures 6 through 9 are based on ± one standard deviation at each depth. NO3-N 
concentration profiles on Julian Days 169,183, and 232 in 1986 represent concentration 
profiles 29,43, and 92 days after fertilizer application (fertilizer was applied on Julian Day 
140 in 1986). These figures show that the bulk of NO3-N moved to lower depths with time 
after fertilizer application. Similar observations were made for Julian Day 275 in 1987 
(Figure 9). 
Summary and Conclusions 
The modified DRAINAGE model (Kumar and Kanwar, 1995) was further extended 
to simulate NO3-N concentrations in subsurface drain flows by incorporating a new N 
subroutine based on the GLEAMS model (Knisel, 1993). The new model was called 
DRAINAGE-N. The NO3-N concentrations in subsurface drain water were simulated for 
1984, 1986, 1987, 1990, and 1991. Simulated NO3-N concentrations in the subsurface drain 
flows were compared with the field measured concentrations to evaluate the performance of 
the DRAINAGE-N model. 
The DRAINAGE-N model generally showed a good agreement between predicted 
and observed NO3-N concentrations in subsurface drain flows for all simulated years. 
Simulated seasonal NO3-N losses in subsurface drain effluent were in close agreement with 
the observed values (overall average percentage error being within 10.5'% range). In 1984, 
the DRAINAGE-N model over-predicted the seasonal NO3-N losses in subsurface drain 
water by 25%; however, it was due to over-prediction of subsurface drain flows, because 
predicted seasonal NO3-N concentration in 1984 was very close to the observed value. 
The soil profile NO3-N concentrations were also simulated for 1986 and 1987. 
Although the DRAINAGE-N model could not predict depths and peaks of NO3-N 
concentrations in the soil profile closer to the observed values, the model showed a range for 
predicted values between minimum and maximum observed concentrations. Overall, the 
DRAINAGE-N model showed a good potential for long-term simulations for soil N transport 
and transformations in the field. 
Discrepancies between simulated and observed NO3-N concentrations and losses 
indicated a better estimation for initial conditions such as soil profile moisture content, NO3-
N concentrations, surface residue, potential mineralizable N concentrations, bulk density, and 
organic matter content. Also, better estimates are needed on NO3-N losses with lateral 
groundwater flow and deep seepage. 
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Table 1. Surface residue, planting, N application, cultivation, harvesting, and yields for continuous 
corn from 1984 to 1991 
Day of Year 
Activity 1984 1986 1987 1990 1991 
Residue, kg/ha* 7087.5 9362.5 6562.5 7437.5 7350.0 
Planting May 14 May 7 May 1 May 2 May 9 
Applied 175 kg-
N/ha 
May 23 May 20 May 15 May 9 May 10 
Plant population, 
plants/ha 
63321 68476 63501 64566 55822 
Cultivation Date June 4 June 16 June 4 June 1 June 3 
Harvesting Oct 2 Oct 21 Oct 6 Oct 17 Oct 2 
Yields, kg/ha 8100 10700 7500 8500 8400 
* Calculated from the relationship between yield and drymatter yield ratio (DMY) 
Table 2. Initial NO3-N concentrations in soil profile for simulations for 1984 to 1991 
NO3-N concentrations (mg/L) 
Soil Layers 1984 1986* 1987* 1990 1991 
1-3 13.00 23.40 10.40 32.00 26.00 
4-6 13.00 16.80 17.50 33.00 26.00 
6-9 13.00 14.60 12.10 29.50 26.50 
9-12 13.00 14.60 12.10 32.50 27.00 
13-15 13.00 16.20 11.40 33.00 24.50 
16-18 13.00 16.20 11.40 31.80 26.50 
19-21 13.50 20.50 11.90 32.60 27.50 
22-24 13.50 20.50 11.90 34.50 27.50 
25-27 13.50 22.50 13.60 34.50 27.50 
28-30 13.50 22.50 13.60 34.50 25.50 
Field measured values. 
Table 3. Average monthly observed and predicted NO3-N concentrations (mg/L) in subsurface drain flows 
* 
N03-N Concentrations in Subsurface Drain Flow (mg/L) 
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* Values are flow-weighted averages 
Table 4. Average monthly observed and predicted NO3-N losses (Kg/ha) with subsurface drain flows 
NO3-N Losses with Subsurface Drain Flow (Kg/ha) 
Year / Month April May June July Aug Sept Oct Nov. Seasonal 
1984 Observed 7.29 6.96 6.85 0.06 21.17 
Predicted 5.97 10.29 9.57 0.69 26.51 
%Difference 18.10 47.84 39.70 25.22 
1986 Observed 9.32 15.89 6.23 4.62 0.24 4.16 12.81 1.72 54.76 
Predicted 12.31 15.48 8.13 4.83 0.82 7.34 5.18 54.10 
%Difference 32.10 2.58 30.49 4.54 80.28 42.70 1.20 
1987 Observed 3.72 2.45 5.40 0.60 3.60 2.93 18.71 
Predicted 3.88 2.76 1.10 2.57 4.76 0.71 0.05 15.78 
%Difference 4.30 12.65 79.63 28.60 62.45 15.67 
1990 Observed 17.92 26.42 17.76 1.80 63.90 
Predicted 19.36 22.56 13.22 2.60 0.19 57.94 
%Difference 8.03 14.61 25.56 44.40 9.33 
1991 Observed 27.11 12.59 10.92 50.63 
Predicted 17.90 20.64 13.00 1.11 52.65 
%Difference 33.97 63.94 19.05 2.02 
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Read initial soil profile NOj-N concenirations and 
(sno3) and potential mineralizable N (potmn) 
Determine soil water and temperature 
factors for nitrification 
Calculate residue decompositions and 
immobilization by soil layer 
Calculate flow between active and stable 
soil N pool, nitrify amonia by layer 
AMON(I)<=O.OI and>0 Nrr(l) =1TN(I) • SWFN(I) • SOILMS(r 
SN03(I) = SNO(3) + N1T(I) 
SN03(1) = SN03(I) +AMON(I) 
AMON(I) = 0 and NIT(I) = 0 
Update soil profile nitrate concentrations 
Calculate runoff N03-N conc fitim I layer 
Apply fertilizer 
1 = Layer number 
N = Nitrogen 
AMON = Amonia 
SN03 =Soil profile nitrate conc. 
NIT = Nitrification from each layer 
IDJ = day under simulation 
FERTIM = Fetilizer application date 
SOILMS = soil mass 
TFN = Temperature factor 
SWFN = Soil water factor 
NO,-N = nitrate conc. 
Calculate denitrification and update 
nutrients in soil profile 
Pass soil profile N03-N conc. to Kombn 
subroutine and calculate conc. in drain flows 
CalcuUate N uptake and Update soil profile 
N03-N conc for each layer 
< RETURN 
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5. Daily measured and simulated subsurface drain flow and NO3-N concentrations for 1991 
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Figure 6. Simulated (lines) and observed (points) NO3-N concentrations in the soil profile for DOY 169, 1986 
(error bars aj;e based on one standard deviation.) 
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Figure 7. Simulated (lines) and observed (points) NO3-N concentrations in the soil profile for DOY 183, 1986 
(error bars are based on one standard deviation.) 
30.00 
0.00 
0.00 0.25 0.50 0.75 1.00 
Depth, m 
1.25 1.50 1.75 2.00 
Figure 8. Simulated (lines) and observed (points) NO3-N concentrations in the soil profile for DOY 232, 1986 
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Figure 9. Simulated (lines) and observed (points) NO3-N concentrations in the soil profile for DOY 275, 1987 
(error bars are based on one standard deviation.) 
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INCORPORATING PREFERENTIAL FLOW COMPONENT INTO THE 
DRAINAGE MODEL FOR BETTER PREDICTION OF SUBSURFACE DRAIN 
FLOWS 
Ajay Kumar and R.S. Kanwar 
Abstract 
The movement of water and chemicals through macropores has been widely observed 
but difficult to model on a field scale. In this study, a preferential flow component was 
developed and incorporated into the DRAINAGE model (Kanwar et al., 1983) for better 
prediction of subsurface drain flows. The performance of the modified model was evaluated 
by using three years of field data on subsurface drain flows from a field drainage study. The 
subsurface drain flows were simulated using preferential flow component in the DRAINAGE 
model and predicted values were compared with the measured values for all days of 
simulation. 
The predicted subsurface drain flows by the modified DRAINAGE model were 
found to be in close agreement with observed flows for all three years. The prediction of 
peak subsurface drain flows was improved with the addition of the preferential flow 
component into the DRAINAGE model. The model, in general showed a good response to 
rainfall characteristics (in terms of time, frequency) in predicting subsurface drain flow 
hydrographs. It was also observed in this study that the effects of preferential flow on 
subsurface drain flows were more important for the no-till system compared to the 
moldboard plow system. The inclusion of the preferential flow component in the 
DRAINAGE model definitely improves its capability in simulating water transport to 
subsurface drainage systems. 
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Introduction 
It is becoming increasingly evident that preferential flow contributes to field-scale 
transport of chemicals to groundwater (Thomas and Phillips, 1979; Bowman and Rice, 1986; 
Jury et al., 1986a; Utermann et al., 1990). The importance of preferential movement of water 
and chemicals through macropores (cracks, channels, and worm and root holes) has been 
documented by several researchers (Bouma, 1981; Beven and Germann, 1982; Sichani et al., 
1991). 
Large concentrations of pesticides have been observed in subsurface drain water and 
shallow groundwater shortly after heavy rain storms and pesticide applications in the fields 
(Kladivko et al., 1991; Gish et al., 1991; Everts and Kanwar, 1990). These large 
concentrations of chemicals have been largely associated with the preferential movement of 
water through large soil pores. Several subsurface drainage studies have shown the rapid 
responses of subsurface drainage outflows to tracer application at the soil surface (Richard 
and Steenhuis, 1988; Van Ommen et al., 1989; Everts and Kanwar, 1994). 
Several models have been developed to study the transport of agricultural chemicals 
to shallow groundwater through soil profile. Models, based on the convective-dispersion 
equations are unable to predict the fast transport of pesticides to groundwater (Sposito et al., 
1986; Steenhuis et al., 1994; Jury et al., 1986 a). In the recent past, an attempt has been made 
to incorporate preferential movement of chemicals into various models (Ahuja, 1991; Chen 
and Wagenet, 1992; Workman and Skaggs, 1990; Steenhuis et al., 1994). Several review 
papers (Beven and German, 1982; Shirmohammadi et al., 1989) have described various 
models capable of simulating water movement through large pores. However, these models 
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are either complicated in terms of governing preferential flow processes or do not have 
complete descriptions of water and chemical transport processes. For example, PREFLO, a 
water management model capable of simulating preferential flow developed by Workman 
and Skaggs (1990) does not have the capability for simulating pesticide movement and thus 
limits its use for preferential transport of pesticides to the subsurface drainage waters. 
Several analytical models are available to simulate preferential flow but these 
analytical models have not been incorporated into large field scale models for simulating 
overall subsurface drain flows and their impacts on water quality. There is a need to develop 
the capability of existing field scale drainage models to incorporate the effect of preferential 
flow in predicting the transport of water and chemicals to subsurface drainage waters. 
Therefore, the main objective of this research was to develop a field scale preferential 
component and incorporate it into the DRAINAGE model (Kanwar et al., 1983) to study the 
effects of macropore flow on subsurface drain flow hydrographs. The DRAINAGE model 
simulates water and chemical transport to subsurface drains on a daily basis. The daily values 
of rainfall, which were originally used as input to the model, hindered the prediction of 
preferential flow. The model was further modified to incorporate the rainfall input at 15-
minute intervals instead of daily values for predicting macropore flow. After incorporating 
preferential flow component, the DRAINAGE model has now become a comprehensive 
subsurface drainage model and can be used successfully to simulate the effects of various 
tillage practices on water movement to subsurface drains. The specific objectives of this 
study were to: 
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1) develop a field scale preferential flow component, based on the theory given by Workman 
and Skaggs (1990), and incorporate it into the DRAINAGE model; and 
2) calibrate and evaluate the performance of the DRAINAGE model with a preferential flow 
component by using three years (1990-92) of field data on subsurface drain flows. 
Model Development 
A Brief Description of the DRAINAGE Model 
The DRAINAGE model (Kanwar et al., 1983) was developed to simulate the 
subsurface drain flows and its nitrate-nitrogen concentrations in a typical agricultural field. In 
this model, the soil profile was divided into 31 layers of 5 cm each. The last soil layer 
extends from the 31st layer to the impermeable layer of the soil profile. It was assumed that 
soil properties do not vary within the layers. Originally, the model consisted of two major 
components: (1) a hydrology component and, (2) a nitrogen component. The hydrology 
component, which is of most interest in this article, will be discussed in detail in the 
following sections. 
Model Components 
The DRAINAGE model simulates the major water-transport processes in the soil 
profile. It calculates the daily water-table depths, drainage into subsurface drains, surface 
runoff, and evapotranspiration as major output variables. Water balance in the soil profile is 
calculated to ensure the conservation of mass and to account for all the water moving into 
and out of the soil profile. The water balance at the soil surface over the unit area for the time 
increment, A t, can be written as: 
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R - F ^ P F ' A S  +  R O  ( 1 )  
where 
R = Rainfall (cm) 
F = Infiltration (cm) 
PF = Preferential flow (cm) 
AS = The change in the storage on the surface (cm), and 
RO = runoff (cm), and 
The water balance scheme was also used to account for all the water moving into and out of 
the vertical section of the soil profile as: 
AS" DR' ET-F-PF (2) 
where, 
DR = Subsurface drainage via matrix (cm), and 
ET = evapotranspiration (cm) 
The time step, A t, used in the model simulations was 0.25 hr, however, the mass 
balance was calculated on a daily basis. In the DRAINAGE model, various processes are 
simulated in the following order; (1) infiltration, (2) preferential flow, (3) runoff, and (4) 
subsurface drainage. These processes are described in detail in the following sections. 
Inflltration 
Originally, the DRAINAGE model used the SCS curve number technique to calculate 
runoff, and the difference between rainfall and runoff was taken as infiltration to the surface 
layer. The DRAINAGE model was modified to calculate infiltration during shorter durations 
of rainfall. The SCS type II rainfall distribution curve was used to divide daily rainfall into 
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15-niinute rainfall intensities (Fig. 1). The modified form of the Green-Ampt-Mein-Larson 
(GAML) function was developed to estimate infiltration. Ponding time is estimated by using 
the equation derived from the Green-Ampt equation presented by Mein and Larson (1973) as: 
t = K»FA0 / i(i - K) (2) 
P 
where 
tp = ponding time (hr) 
K = the average hydraulic conductivity of soil (cm hr"') 
= wetting front capillary pressure head (cm) 
AO = the difference between initial and final moisture content of the soil (fraction) 
i = rainfall intensity (cm hr"') 
For a given time period, all the water supply at the soil surface is assumed to infiltrate if the 
calculated time of ponding is longer than the time period used in the model simulation. 
Otherwise, if ponding occurs, infiltration is estimated using the Green-Ampt infiltration 




F2 = the cumulative infiltration at the end of time period (cm) 
dt = the time increment (hours) 
Fi = the cumulative infiltration at the beginning of the time increment (cm) 
K = the average hydraulic conductivity behind wetting front (cm hr"') 
A*F = the potential difference across the wetting front (cm) and 
AO = the change in volumetric water content across the wetting front. 
The positive value of F2 in the preceding equation is of interest. The difference 
between Fi and Fi is the potential amount of infiltration occurring during that time period. 
The actual infiltration may be less if the supply of water at the surface is less than the 
potential amount. The difference between supply of water at the surface and infiltration was 
calculated as the amount of depressional storage during a given time period. 
Preferential Flow 
The preferential flow component was developed to simulate the saturated and 
unsaturated movement of water from the soil surface into and through the soil profile above 
the water table. The networks of macropores that contribute to the faster movement of water 
in the soil are not often distributed in uniform size and location. A macroscopic viewpoint 
was adopted to simulate the contribution of preferential flow to the movement of water into 
the soil between subsurface drains. The preferential flow scheme developed by Workman and 
Skaggs (1990) was used to simulate preferential flow. 
Large pores (macropores) were assumed to represent some measurable percentage of 
the surface area between drains. Every square centimeter of the surface area was assumed to 
contain the same percentage of large pore space. For example, if the surface contained 4 cm" 
of large pores per m^, 0.04% of the surface area would contain large pores. The model would 
then simulate a soil system with large pore of cross sectional area 0.0004 cm^/cm^ in every 
square centimeter. A representative pore diameter was estimated from the given percentage 
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of surface macroporosity using the following logic. If the percentage of macroporosity (pm) 
is known, the equivalent macropore area per square cm of surface area can be estimated as: 
;r r^ = pm/100.0(1.0cm^) (4) 
where r is the effective radius of the representative macropore in cm. The value in parenthesis 
in the preceding equation denotes per square cm of surface area. For a given percentage of 
macropores, the effective radius r can be estimated from the equation 4. 
The transport of water through the pore network is assumed to be the function of 
transmitting properties of the pore. Poiseuille's law governing vertical saturated flow of water 
in a capillary tube was used to estimate the potential amount of preferential flow for a given 
percentage of macroporosity. Poiseuille's equation (Childs, 1969) can be described as; 
0 =®r4 (5) 
where 
Qp= volume flux (cm's"') 
p = density of water (g cm"') 
g = acceleration due to gravity (cm s'^) 
jl = dynamic viscosity (g cm''s'') 
r = pore radius (cm) 
The movement of water through the pore will also depend on the lateral adsorption of 
water by the soil matrix. However, it is assumed here that there will be no interaction 
between preferential flow and soil matrix. After calculating the potential preferential flow, 
the actual preferential flow was calculated based on depressional storage. Once the 
preferential flow was calculated, moisture was redistributed by adding preferential flow in the 
water table, and the water table was updated according to the moisture in that layer. 
The runoff was calculated for each time period separately and was added at the end of 
each day. The runoff was assumed to occur only when there was more excess moisture than 
the maximum allowable surface storage after calculating preferential flow. The surface 
storage was the difference between the water supply at the surface and the infiltration for a 
given time period during simulation. A maximum allowable surface storage was allowed to 
accumulate at the surface before any runoff took place. The difference between surface 
storage and maximum allowable surface storage was taken out of the system as runoff. 
Redistribution 
In the DRAINAGE model, the soil profile is divided into unsaturated and saturated 
zones. The soil profile above the water table is considered an unsaturated zone whereas the 
soil profile below the water table is considered a saturated zone. After calculating infiltration, 
the soil moisture is redistributed in all soil layers in the unsaturated zone. 
Unsaturated Flow: The MOIST subroutine of the model first checks the water table depth and 
divides the soil profile into unsaturated and saturated zones. If the moisture content of a layer 
becomes greater than the field capacity (0 1/3 bar), the moisture content above the field capacity 
is drained to the next layer. If moisture content for a given layer goes below the wilting point 
(0 isbar), the subsurface drainage and ET from this layer are set to zero. When the moisture 
content is between 0 i/3bar and 0 isbar, the flow rate to the next layer is calculated by the 




Vj = flow rate of water (cm/day) from layer i to i+1 
Di( 0 )= average diffusivity of layer i (cm^/day) 
© j = water content of layer i (cm^ / cm^) 
K j (©) = unsaturated conductivity of layer i (cm/day). 
The differential equation (1) can be written as a set of finite difference equations when 
water moves from one layer to another. The flow rate between layers is calculated according to 
the following equation: 
where 
L = thickness of one layer (cm) 
Dj_i/2 = [D(0i_i)+ D(0i)] / 2, average diffusivity of soil (cmVday) 
Ki.i/2 =[K(®i-i) + K(0 j)] / 2, average conductivity (cm/day) 
The water content for each layer for a given day is calculated from the following 
0 i _ 1 — 0 i 
v i  =  D i _ i / 2  - +  K i _ i / 2  (7) 
equation: 
0. = 0. (t-l) + v. (t)-v. , i(t)-E.(t) (8) 
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where Ei(t) is the evapotranspiration from layer i on day t and other terms are the 
same, as defined in the preceding paragraph. Evapotranspiration is calculated using the 
method given by Shaw (1964). A separate subroutine is used to calculate daily 
evapotranspiration values in the model. 
Saturated Flow: The soil profile below the water table is considered to be a saturated zone, 
and flow in this zone is characterized as two dimensional. The subsurface flow is calculated 
using Hooghoudts steady state equation as modified by Bouwer and Van Schilfgaarde (1963). 
The drainage flux can be calculated as: 
(9) 
where 
- drainage flux, cm/day 
AT, = effective lateral saturated hydraulic conductivity, cm/day 
H2 = height of water table at the midpoint between subsurface drains from drain line 
s = distance between subsurface drains 
d = distance between the impermeable layer and the subsurface drain. 
Once the subsurface drain flow is calculated, the water table height is adjusted so that 
the water content of the layer that contains the water table is between field capacity and 
saturation, and the water content of the layer below the layer that contains the water-table is at 
saturation. If the water content of the layer becomes greater than saturation, the water content in 
excess of saturation is subtracted from this layer and is added to the layer above it. The water 
table is then raised by one layer and vice versa. 
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Materials and Methods 
Field Experiments and Observed Subsurface Drain Flows 
Field experiments for this study were conducted at Iowa State University's Northeast 
Research Center (NERC) near Nashua, Iowa (Kanwar et al., 1993). The experimental site is 
located on Kenyon and Floyd soils with 3 to 4% organic matter. The study site consists of 36 
plots of 0.4 ha each. Each plot is drained by a single drain line installed at a 1.2 m depth. The 
drains were spaced 28.5 m apart. Each drain line was intercepted in 1988 by an individual 
sump to study water quality and quantity issues related to subsurface drainage. A detailed 
discussion on the automatic subsurface drain monitoring system is provided by Kanwar et al. 
(1993). Data on subsurface drainage outflows, and NO3-N and pesticide concentrations in 
drain water are available for this site. The data on subsurface drain flows collected from two 
of the tillage systems, namely no-till (NT) and moldboard plow (MB), for the years 1990 to 
1992 were used in this study to validate and calibrate the model. This data set was collected 
under continuous corn production. 
Model Input Parameters 
Most of the weather data needed for model simulations were available for the study 
site. Daily rainfall data collected from the study site were used as input to the model and were 
converted to 15 minute rainfall intensities as explained in the model development section of 
this paper. Other data such as open pan evaporation, wind velocity, air temperature, and soil 
temperatures were also collected at the study site. 
80 
Daily pan evaporation data are needed to calculate the evapotranspiration rates for 
com. A detailed procedure to calculate ET by the DRAINAGE model is described by Kanwar 
(1981). 
The data on initial soil water content, field capacity (0 1/3 bar), wilting point (0 isbar), 
diffusivity, lateral hydraulic conductivity, unsaturated hydraulic conductivity, diffiisivity, and 
initial water table depth are required as inputs to the model. Wilting point and field capacity 
values were taken from Sharpley and William (1990). Table 1 provides initial soil water 
contents and field capacity values for both tillage systems under study. The saturated hydraulic 
conductivity for the soil profile was obtained from model calibration because field measured 
values showed large variations. The unsaturated hydraulic conductivities for soil layers and 
diffusivity, D, were obtained from Kanwar (1981). 
The planting and harvesting dates for com, the distribution of root system as a function 
of time, the crop development ratios, and crop stress factors as a function of soil moisture are 
required as input to the model and were taken firom Kanwar (1981). 
Results and Discussion 
Boundary and Initial Conditions 
To simulate subsurface drain flows, an impermeable layer was assumed at the bottom 
of the soil profile. The deep percolation through this impermeable layer was assumed to be 
zero. The upper boundary was characterized by infiltration and the evaporation rate at the soil 
surface layer. Initial soil moisture values were set at field capacity for no-till and moldboard 
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plow plots. The initial water table depth was set at 120 cm (equal to depth of subsurface 
drains). 
Model Calibration 
Subsurface drain flows for 1990 were used to calibrate the model. Subsurface drain 
flows were simulated for the growing season of 1990 (April 1 to November 30). During 
calibration, the preferential flow subroutine was kept active throughout the simulation period. 
In anotiier simulation run, the preferential flow component was disabled in the calibrated 
model to determine the effect of preferential flow on subsurface drain flows and peak drain 
flow rates. 
The criterion used for model calibration was to minimize the difference between the 
measured and predicted cumulative daily subsurface drain flows for the growing season of 
1990 (April 1 to November 30). Importance was also given to matching the predicted drain 
flow peaks to the observed peaks. A trial and error procedure was used to determine the best 
possible value of various parameters that were physically measured or used in model 
simulations such as saturated hydraulic conductivity, and soil macroporosity. Each parameter 
was varied within a reasonable range whereas all other parameters were kept constant. This 
procedure was followed for each parameter. A list of various calibrated and measured 
parameters is given in Table 2. 
As previously stated, initial soil moisture values were assumed at field capacity and 
initial water table depth was assumed at 120 cm (drain depth from soil profile). Therefore, 
the only parameters determined through calibration were lateral saturated hydraulic 
conductivity and soil macroporosity. 
Figures 2 and 3 show simulated and measured subsurface drain flows under NT and 
MB tillage systems, respectively, for the 1990 growing season (a calibration year). Figure 2 
shows the daily observed and simulated subsurface drain flows for the no-till plot for 1990. 
There is generally good agreement between simulated and observed drain flows except in the 
beginning of the simulation period when the model overpredicted drain flows. The timing 
and magnitude of drain flow peaks predicted by the model were also in close agreement with 
the observed values. As Fig. 2 indicates, the effect of preferential flow on subsurface drain 
flows is clearly visible throughout the season. It is also apparent from Fig. 2 that simulation 
of preferential flow improves drain peak flow predictions. 
Figure 3 shows the daily observed and simulated subsurface drain flows for the MB 
tillage plot for 1990. The model tends to overpredict the flows in the beginning of the 
simulation period (Fig. 3). The over prediction of flow could be due to higher initial moisture 
contents in the soil profile. The initial moisture contents for the soil profile were kept at field 
capacity. However, the actual field conditions could be dry in the beginning of the growing 
season, resulting in very little or no subsurface drain flows. It is also clear from Fig. 3 that 
effect of preferential flow in the MB system was not as prominent as in the NT system. 
Given the fact that a certain degree of spatial variability exists under field conditions, 
model predictions of subsurface drain flows were reasonably good (Table 3). Also, a number 
of uncertainties exist in the deterministic, physically based models (Smith et al., 1989) 
because errors due to inadequate or faulty representation of the hydrologic system are 
inherent in all models. Incapability of the model to take into account spatial variability and 
weather induced changes in the soil properties, such as macroporosity, also contributes to the 
discrepancies in the observed and simulated subsurface drain flows. 
Model Testing and Evaluations 
To test the ability of the model to predict subsurface drain flows accurately, model 
simulations were conducted for 1991 and 1992 using the calibrated input parameters for 
1990. The performance of the model was evaluated by comparing the simulated subsurface 
drain flows with observed drain flows for 1991 and 1992. Again, the initial moisture contents 
for 1991 and 1992 were kept at field capacity because data on observed soil moisture 
contents were not available. Simulations were conducted from April 1 to November 30 for 
each year. These data represent the beginning and the end of the observed subsurface drain 
flows. The daily observed and predicted subsurface drain flows for 1991 and 1992 are shown 
in Figs. 4 through 7. 
Figures 4 and 5 shov/ the daily observed and predicted subsurface drain flows for NT 
and MB plots for 1991, respectively. Predicted subsurface drain flows for both tillage 
systems compared reasonably well with the observed values. Although the magnitude of 
predicted drain flows come close to the observed values, the total subsurface drain flows 
predicted were in close agreement with the observed values (Table 3). It is clear from Figs. 4 
and 5 that peak drain flows were closer to the observed peak flows when flow through 
macropores was simulated. Although total rainfall for the 1991 growing season was less than 
in 1990, total subsurface drain flows were greater in 1991 suggesting either a higher degree 
of macroporosity or overestimation of initial soil moisture contents. 
Simulated subsurface drainage outflows for 1992 (Figs. 6 and 7) also followed the 
observed trend reasonably well. Again, simulated subsurface drain flow peaks improved 
when preferential flow was considered. However, total drainage outflows for the MB system 
for 1992 were underpredicted by the model (Table 3). The discrepancies in model predictions 
for subsurface drain flows could be due to the reasons mentioned in the preceding 
paragraphs. 
Preferential Flow Response to Drainage Outflows and Inflltration 
Figure 8 shows the cumulative preferential flow for the NT system for the years 1990 
to 1992. Table 4 provides the summary of various outflow parameters for all the years for the 
NT system. Subsurface drain flows increased as a result of preferential flow whereas runoff 
volume decreased (Table 4). Table 5 gives all the preferential flow events that occurred 
during 1990 to 1992 for the NT system. Figure 9 shows the cumulative infiltration through 
the soil matrix for the NT system for 1991. Matrix infiltration into the soil was decreased 
when preferential flow was simulated because preferential flow decreased the availability of 
the water at the soil surface for inflltration. However, total inflltration (matrix and 
preferential flow) was increased when preferential flow was simulated. Similar observations 
were made for other years for both tillage systems. 
The predicted subsurface drain flows by the DRAINAGE model were in close 
agreement with the observed values for all years under simulation. However, discrepancies 
existed for some days. Peak drain flows were improved when preferential flow was 
simulated. The timings, frequency, and magnitude of peak drain flows were predicted closely 
to the observed values. Some of the discrepancies in the predicted values could be due to 
inadequate field data for soil profile initialization on soil moisture. It is also realized that true 
steady state conditions seldom exist under field conditions. Despite the assumed steady state 
conditions within each time increment and the complexity of the drainage flow system, the 
model predictions of subsurface drain flows and flow peaks were in reasonably good 
agreement with observed values for both tillage systems for all years. The addition of the 
preferential flow component into the DRAINAGE model definitely improved the subsurface 
drain flows and flow peaks. These improved predictions will help predict chemical transport 
in drainage water more accurately; many researchers have emphasized the importance of 
preferential movement of chemicals to subsurface drain lines. 
Summary and Conclusions 
A preferential flow subroutine was developed and incorporated into the DRAINAGE 
model to simulate the flow of water through macropores. To simulate preferential flow, the 
model requires 15-minute rainfall intensities and daily potential evapotranspiration as 
climatic input to the model. The soil profile was divided into 31 soil layers with a surface 
layer of 1-cm thick. Data on unsaturated hydraulic conductivity and diffusivity as a function 
of soil water content are required for each layer as inputs to the model. 
The modified DRAINAGE model (with the preferential flow component) was 
calibrated using field observed data on subsurface drain flows for 1990 and then the modified 
model was evaluated by comparing the observed and predicted subsurface drain flows for NT 
and MB tillage systems for the years 1991 and 1992. Model predictions for subsurface drain 
flows were in close agreement with the observed values. The addition of the preferential flow 
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component in the DRAINAGE model improved the predictions of peak subsurface drain 
flows. This study resulted in the following conclusions: 
1. A modified drainage model with a preferential flow component to simulate water 
transport through soil matrix with large continuous pores was developed and tested 
successfully. The predicted subsurface drain flows were within 11% of observed 
flows for the NT system. However, for MB plow system, the predicted flows 
ranged from 1 to 30% of observed values 
2. The modifications made in the DRAINAGE model have improved the prediction 
subsurface drain flow peaks considerably especially in NT system. 
3. The model seems to predict timing, frequency, and magnitude of subsurface drain 
flows reasonably well for all simulated years. 
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0 1/3 bar (mVm^) Initial Water Content(m^ /m^) 
N T t  MB1: N T t  MBt 
1 0-20 0.23 0.26 0.23 0.23 
2 20-35 0.27 0.30 0.27 0.27 
3 35-45 0.26 0.29 0.26 0.26 
4 45-60 0.28 0.31 0.28 0.28 
5 60-90 0.26 0.29 0.26 0.26 
6 90-105 0.29 0.32 0.29 0.29 
7 105-120 0.28 0.31 0.28 0.28 
8 120-150 0.28 0.31 0.33 0.33 
t No-tillage 
t Moldboard plow 
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Table 2. Summary of input parameters for subsurface drain flow simulations 
Parameter Calibrated or Known Value 
Drain spacing 28.50 m 
Drain depth 1.20 m 
Actual depth from drain to impermeable layer* 1.52 m 
Equivalent depth from drain to imp. layer*,Hd 1.30 m 
Macroporosity * 
No-Tillage 0.02% 
Moldboard Plow 0.01% 
Lateral Hydraulic Conductivity* 
No-Tillage 20.0 cm/day 
Moldboard Plow 10.0 cm/day 
Calibrated values 
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Table 3. Total seasonal predicted and observed subsurface drain flows for 1990, 1991, and 
1992 
Year Total Precipitation Subsurface Drain Flows (cm") 
(cm) OT ^ 
1990 105.0 
(DOY 91-334) Observed* 27.5 11.8 
Predicted 30.5 14.5 
Percent Difference 11.5 22.8 
1991 85.4 
(DOY 91-334) Observed* 28.8 16.6 
Predicted 29.4 16.4 
Percent Difference 2.0 1.2 
1992 71.8 
(DOY 92-335) Observed* 10.4 5.3 
Predicted 11.0 3.7 
Percent Difference 5.7 30.0 
* Average of three replications 
DOY = Day of the year 
Table 4. Summary of total seasonal predicted and observed subsurface drain flows for the no-till plot for 1990,1991, and 1992 
with 0.02% macroporosity 
Year Rainfall (cm) Observed 
subsurface 
drainage (cm) 











1990 105.0 27.5 19.7 (23.8)* 26.3 30.5 8.2 
1991 85.4 28.8 8.7(11.7) 27.9 29.4 7.3 
1992 72.0 10.4 3.7 (7.1) 8.1 11.0 6.9 
VO N) 
* Runoff in the parentheses indicate the values without preferential flow 
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Table 5. Summary of preferential flow events for a no-till plot with 0.02% macopores for 
1990-1992 
Month Days Year 1990 Year 1991 Year 1992 
Rainfall (cm) P.F.'(cm) Rainfall (cm) P.F.'(cm) Rainfall (cm) P.F.' (cm) 
April 98 1.55 0.18 
99 2.03 0.28 
102 5.56 0.50 
104 1.30 0.08 
105 1.63 0.21 
108 1.27 0.07 
109 3.02 042 
no 1.78 0.25 
117 4.32 0.42 2.21 0.30 
119 3.33 0.42 
May 125 2.31 0.35 
129 2.90 0.42 
135 1.47 0.15 
136 1.30 0.08 1.70 0.24 
137 6.22 0.55 
139 5.99 0.53 
142 1.93 0.28 
150 1.07 0.01 
151 2.77 0.42 
June 155 1.09 002 
161 4.50 0.43 
163 4.95 0.46 
164 1.12 0.02 
165 6.60 0.56 
167 1.27 0.07 2.16 0.28 
168 2.18 0.29 2.16 0.28 
170 1.17 0.03 
173 3.30 0.42 
178 1.40 0.12 
July 188 2.49 0.41 
192 5.08 0.47 2.97 0.42 
193 1.14 0.03 1.52 0.17 
194 4.44 0.43 
200 4.04 0.42 
203 2.92 0.42 
207 8.26 0.65 
209 2.08 0.28 
211 23.6 0.37 
August 218 1.30 0.08 
219 4.95 0.46 3,18 0.42 
220 2.59 0.41 
221 1.60 0.20 
228 2.21 0.30 
229 . 2.72 0.42 1.27 0.07 
231 1.90 0,27 
232 2.16 0.28 
235 1.12 0.02 
236 3.91 0.42 
237 2.95 0.42 
241 2.92 0.42 
Scpl 245 1.63 0.21 
248 3.30 0.42 
249 1.65 0.22 
252 1.22 0.05 
257 l.(M 0.01 3.25 0.42 
261 2.84 0.42 
Oct 276 3.71 0.42 
277 2.49 0.41 
281 1.47 0.15 
297 2.44 0.40 
304 3.61 0.42 
Nov 305 5.84 0.52 
323 2.54 0.41 
324 3.23 0.42 



















Figure 1. Tlie SCS type II rainfall distribution curve 
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Figure 6. Rainfall and simulated and observed daily subsurface drain flows for no-till plot for 1992 
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Figure 9. Cumulative surface infiltration into the soil matrix for the no-till plot for the year 1991 
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EVALUATION OF DRAINAGE MODEL FOR PREDICTING ATRAZINE 
CONCENTRATIONS IN SUBSURFACE DRAINAGE WATER 
A paper to be submitted to the Agricultural Systems 
Ajay Kumar and R.S. Kanwar 
Abstract 
A pesticide component, based on the GLEAMS model, was developed and 
incorporated into the DRAINAGE model (Kanwar et al., 1983) for predicting pesticide 
concentrations in subsurface drain flows. The modified DRAINAGE model was evaluated 
for predicting atrazine concentrations in subsurface drainage water for two tillage systems 
(no-till and moldboard plow) using three years (1990-1992) of field data from Nashua Water 
Quality Site of Iowa State University. 
The predicted atrazine concentrations in subsurface drainage water were found to be 
in good agreement with the observed values, although some discrepancies existed. The 
overall timings of pesticide appearance in the drain water were predicted well by the model. 
The annual atrazine losses with subsurface drain flows predicted by the model were also in 
close agreement with the observed losses for all the years. However, the results of this study 
indicate that the model did not do a very good job in predicting atrazine concentrations for 




Considerable public concern has been expressed about the use of herbicides in 
agricultural production systems and their effects on water quality. The USEPA estimated that 
at least 19 herbicides have been detected in groundwater in 24 states as a result of normal 
agricultural practices (USEPA, 1989). Approximately 98% of the com and soybean hectares 
receive herbicides in Iowa (Wintersteen and Hartzler, 1987). Atrazine (2-chloro-4-
ethylaniino-6-isopropylamino-l,3,5-trazine) is one of the widely used herbicides in corn 
production in Iowa. Because leaching of herbicides to groundwater through the root zone is a 
major concern for groundwater quality, understanding the processes and fate of surface 
applied herbicides is an important issue. Although point source contamination has been well 
documented (Long, 1987; Fawcett, 1989; Habecker, 1989), the extent of herbicide leaching 
from normal field use is still uncertain and complex. 
There is a growing body of evidence that herbicides are leached below root zone 
generally as a result of preferential flow (flow through large cracks, root channels, and worm 
holes in structured soils). Preferential flow bypasses the soil matrix and thus is able to 
transport surface applied chemicals rapidly to groundwater (Thomas and Phillips, 1979; 
Beven and Germann, 1982; Smettem et al., 1983; White et al., 1986; Bowman and Rice, 
1986; Priebe and Blackmer, 1989; Steenhuis et al., 1994). Several subsurface drainage 
studies have shown rapid responses of subsurface drain flow to tracer applications at the soil 
surface (Richard and Steenhuis, 1988; Everts and Kanwar, 1990; Kladivko et al., 1991; 
Czapar et al., 1994). In the recent past an attempt has been made to incorporate preferential 
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movement of chemicals into various models (Ahuja, 1991; Chen and Wagenet, 1992; 
Workman and Skaggs, 1990; Steenhuis et al., 1994; Kumar and Kanwar, 1996). 
Subsurface drainage is a common agricultural water management practice in areas 
with shallow groundwater or seasonally perched water tables. The study of chemical 
composition of subsurface drainage water may enable the scientists to identify the direct 
threat of pollution to groundwater and surface water due to agricultural chemicals. As 
suggested by Hallberg et al. (1986), subsurface drainage studies can be a useful tool for 
assessing the impact of agricultural management practices on groundwater as they integrate 
the effects of spatial variability on a field scale and are better tools than many other 
measurement methods such as suction cups and soil cores (Richard and Steenhuis, 1988). 
However, field studies are limited to specific sites and require large amount of data before 
any concrete conclusions can be drawn. 
Besides experimental studies, mathematical models are an inexpensive and time 
saving tools to assess the water quality problems. Several computer simulation models have 
been developed in the past to study the fate and transport of herbicides through the root zone 
(CREAMS: Knisel, 1980; PRZM: Carsel et al., 1985; LEACHMP: Wagenet and Hutson, 
1987; RZWQM: USDA-ARS, 1992; GLEAMS: Leonard et al., 1987). Much effort is being 
expended to try to understand and predict chemical transport through the unsaturated zone 
and into groundwater but few studies have been conducted to simulate the pesticide 
concentrations in subsurface drainage waters as affected by various agricultural practices and 
subsequently study their impact on groundwater quality. Modeling approaches vary in their 
degree of complexity and data requirements. 
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The main objective of this research was to develop a pesticide component, based on 
the GLEAMS model, and incorporate it into the DRAINAGE model (Kanwar et al., 1983) to 
simulate pesticide concentrations in subsurface drainage waters. The original DRAINAGE 
model (Kanwar et al., 1983) simulates water and nitrate-nitrogen (NO3-N) transport to 
subsurface drains and requires relatively less amount of input data. The DRAINAGE model 
since has been modified for infiltration, NO3-N, and preferential flow processes. The 
modified DRAINAGE model is now a comprehensive subsurface drainage model and can 
incorporate the effects of various tillage practices on water and chemical movement to 
subsurface drains. The specific objectives of this study were to: 
1) Develop a pesticide component, based on GLEAMS model, and integrate it with the 
subsurface drainage hydrology component of the DRAINAGE model; 
2) Validate and evaluate the performance of the DRAINAGE model in simulating atrazine 
concentrations in the subsurface drain water using three years (1990-1992) of field data 
from a water quality research site in Iowa. 
Model Development and Theory 
DRAINAGE Model Description 
The DRAINAGE model (Kanwar et al., 1983) was developed to simulate the 
subsurface drain flows and their NO3-N concentrations in a typical agricultural field. In this 
model, the soil profile was divided into 31 layers of 5 cm each. The last soil layer extends 
from 31st layer to impermeable layer of the soil profile. It was assumed that soil properties do 
not vary within each of the layers. The modified DRAINAGE model consists of three major 
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components: (1) a hydrology component (simulates subsurface drain flows), (2) a nitrogen 
(N) component (simulates NO3-N concentrations and losses in the subsurface drainage 
waters), and (3) a pesticide component. The hydrology and N components of the 
DRAINAGE model have been described in detail by Kumar and Kanwar (1995 a ,b). The 
following sections of this paper will describe the development of the pesticide component in 
detail. 
Pesticide Component 
A simple representation of all the processes of the pesticide component is illustrated 
in Figure 1. Pesticides can be surface applied with some fraction intercepted by the foliage 
and some fraction reaching the soil surface. Surface applied pesticides include herbicides, 
insecticides, acaricides, fungicides, and defoliants which have diverse chemical 
characteristics affecting adsorption/desorption onto soil and organic carbon, and adsorption 
and washoff from living and dead plant tissue. Degradation rates from foliage and surface 
soil, and in the root zone are considered separately. Degradation is considered as a function 
of temperature, soil water, and pH, among other factors. Volatilization of pesticides occurs 
from plant and soil surfaces, and the flux from the soil surface is a function of soil-water, 
temperature gradients, and chemical characteristics. Methods of pesticide application may 
vary from ground equipment to aircraft, and pesticides can be applied as solids, dispersions, 
emulsions, or solutions. 
Some pesticides, such as pre- and post-plant herbicides are applied directly to the soil 
surface as a liquid, whereas, others can be surface applied and incorporated into the soil by 
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tillage. The amount of pesticide available in the surface soil to all the interacting processes 
depends on the method of application and depth at which pesticide is being applied. 
Macropore or preferential flow is highly important for certain tillage and cropping 
systems. Preferential flow bypasses the soil matrix and can carry the pesticides rapidly from 
the surface to groundwater. Preferential transport of pesticides was considered in this model. 
Exact representation of pesticide application methods and agricultural management practices 
is nearly impossible. However, depth of placement and amount applied are essential inputs to 
the model to simulate the correct initial distribution among the soil layers. 
Pesticide concentrations in the surface soil could be changed due to pesticide washoff 
from plants. Since pesticide concentrations in the surface soil layer determines the amount 
that is available for extraction into surface runoff and/or percolation into the soil profile, it is 
desirable to simulate concentrations accurately in the surface soil layer. The first surface soil 
layer in the DRAINAGE model was considered as 1 cm thick. In the present study, pesticide 
losses with sediment loss were not considered as model does not have the option to calculate 
sediment losses from the field. The various processes in the pesticide component of the 
DRAINAGE model are described in the following sections of this paper. 
Degradation 
The pesticide degradation from both soils and plant foliage is considered in the 
model. The relationships are the same as described by Leonard et al. (1987), but brief 
information is given here for clarity and continuity. The pesticide degradation on plant 
foliage is estimated as: 
PMFt = PMFo exp(-0.693t / F,/2 ) (1) 
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where PMFo is the initial mass of pesticide on the foliage, PMFt is the remaining pesticide 
mass after time t, and F1/2 is the foliar half-life. Similarly, degradation in the soil is described 
as: 
where SPCo is the initial pesticide concentrations in the soil, SPCt is the pesticide 
concentrations in the soil at time t, and S1/2 is the half-life of the pesticide in the soil. 
Equation [2] is used for each computational soil layer. S1/2 can be constant for the entire root 
zone or can be input as a different half-life for each soil layer. The half-life is assumed to 
vary with soil water contents and temperature factors but not included in the general 
relationships. The DRAINAGE model operates with a 15 min time step. The pesticide 
degradation is calculated every 15 min. 
Runoff Extraction of Pesticide 
The pesticide extraction from the surface layer to runoff was considered and major 
governing equations are described here in order to maintain continuity and also for 
convenience to discuss the development of pesticide component in the DRAINAGE model. 
However, the detail description of pesticide extraction into runoff was provided by Leonard 
and Wauchope (1980). 
Leonard and Wauchope (1980) described pesticide distribution between the solution 
phase and the soil phase as a simple linear adsorption isotherm that can be written as: 
SPCt = SPCo exp(-0.693t /Syz) (2) 
(3) 
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where, at equilibrium, Cs is the concentration in the soil or solid phase, mg/kg, and Cw is the 
concentration in the solution phase in mg/L. The partitioning coefficient, K<i, is dependent 
upon pesticide characteristics, including water solubility, and soil organic carbon among 
other factors (Green and Karickhoff, 1986). For a given pesticide type, Kocis used as input to 
the model and Kd is determined with the following relationship 
Kd=KocOCI\m (4)  
where Koc is the linear adsorption coefficient for organic carbon, and OC is the organic 
carbon content of the soil expressed as a percent of the soil mass. The pesticide mass, Z, in 
the soil surface at the time of rainfall is calculated as: 
^ ^ -{P-Q-AWS) Z = Zoexp (5) 
" ^ {SSG)Kdi\-  POR)+ POR 
where P is rainfall in cm, Q is surface runoff in cm, AWS is soil water storage capacity to 
saturation in cm, SSG is the soil specific gravity in g/cm^, and POR is the porosity of the soil. 
The pesticide concentration in the soil at time t after application, PCSt from equation [2], is 
multiplied by the soil bulk density to obtain initial pesticide mass, Zo, on the day of rainfall 
and is given as: 
Zo = PCS J (1 - POR)SSG (6) 
and Z in equation [5] is 
Z = Cavi l  -  POR)SSG (7) 
where Cav is the runoff-available pesticide concentration in the surface soil layer, mg/kg. 
At the time of runoff, the surface soil layer (layer 1) contains some pesticide residue 
determined after degradation, plus any addition due to foliar washoff, minus that removed by 
I l l  
vertical translocation. The pesticide concentration units are expressed in mg/kg of dry soil. 
The pesticide is extracted by water flowing over the soil surface and by dispersion and 
mixing of the soil material by the flowing water and raindrop impact. At the interface 
between the soil matrix and overland flow, some mass of soil is effective in supplying 
pesticide to the flow. The mass of pesticide, Y, in this mass of soil is the product of available 
concentration, Cav in equation [7], and the soil mass per unit volume of overland flow, B, and 
is given as; 
Y = Cav B (8) 
As the pesticide equilibrates (instantly) between the soil mass and the overland flow, Y can 
be calculated as: 
Y = CwV + QB (9)  
where V is the volume of water per unit volume of runoff interface and the other terms are 
defined in the previous equations. Disregarding the volume occupied by the soil mass 
compared to the larger volume of water, and the total unit volume of runoff interface is 1, and 
(I)Cw + CsB = CavB (10)  
Using the equilibrium distribution between the solution and the soil as expressed by equation 
[3] and rearranging and substituting into equation [10] for Cs gives: 
_ 
Substituting into equation [10] for Cw gives 
cgykjb 
(11) 
C s =  °  ( 1 2 )  
i  + bkd 
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It can be seen from equation [11] that when Kd = 0, then Cw = Cav B, while K<i= 0 in equation 
[12] gives Cs= 0. Also, if Kd is very large, Cs in equation [12] approaches Cav The extraction 
coefficient parameter B was calculated by a functional relationship developed by Leonard et 
al. (1987). The extraction coefficient was related to partitioning coefficient and was given as; 
B = 05 forKd<\ .0  
B = 0.7 - 02Kdfor\!d{Kd < 3.0 
B = 0.1 forKd)3.0 
(13) 
Percolation of Pesticide 
The foregoing discussion of pesticide extraction into runoff provides the basis for 
pesticide percolation through the first surface layer of soil and into and through the root zone. 
Pesticide concentration in solution, Cw in equation [11], is the concentration in the water that 
is available for percolation into soil layer 2. The pesticide mass percolated, PMSP, from layer 
1 becomes 
PMSPi = PERC, (Cw(i)) (14) 
where PERCi is the water mass percolated from soil layer. Using a simple pesticide 
accounting procedure, the pesticide mass percolated from layer 1 (PMSPi) is subtracted from 
pesticide mass in layer 1 and added to the pesticide mass in layer 2 after degradation. 
PMSi =PMS,-PMSP, (15)  
and 
PMS2= PMS2+PMSP, (16) 
where PMS is the pesticide mass and the subscripts denotes the respective layers. This 
process of redistribution is performed for all the layers in unsaturated zone. For layers 2 
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through last layer in unsaturated zone, there is not an extraction process analogous to that in 
surface runoff. Therefore, the procedure for those computation layers is different only in the 
calculation of the pesticide solution concentration, Cw The new pesticide mass is further 
partitioned into solid phase and solution phase to calculate the loss of pesticide mass with 
subsurface drainage. 
Pesticide Transport with Preferential Flow 
Since hydrology component of the DRAINAGE model considers the movement of 
water flow through macropores, the pesticide mass moved with preferential flow was 
estimated. The GLEAMS model does not consider the preferential movement of pesticides to 
the groundwater. Sichani et al. (1991) reported the importance of preferential flow in 
validating the GLEAMS model for pesticide losses in subsurface drainage water. 
The pesticide mass from surface soil layer lost with preferential flow was estimated as 
PMWPF = Cw(i) PREFLO (17) 
where PMWPF is the pesticide mass lost with preferential flow and PREFLO is the mass of 
water percolated through macropores. Since macropores were assumed to be continuous until 
water table and there is no mixing between soil matrix and macropore flow, the pesticide 
movement with preferential flow was added to the pesticide mass in the layer which contains 
water table. The pesticide mass that percolated through macropores was subtracted from the 
available pesticide mass for percolation in layer 1. After preferential flow, the pesticide 
transport can move upward if the water table was raised due to the addition of preferential 
flow into the water table. The pesticide mass was subtracted from layer i (layer which 
contains water table) 
114 
PMSi = PMSi - EMOISi Cwi (18) 
and added to layer i-1 
PMSi-i = PMSi-i + EMOISi Cwi (19) 
where EMOIS is the excess moisture (total soil water minus water at saturation) and other 
terms have been defined earlier. 
Pesticide Evaporation and Uptake 
Pesticides that move readily with water (low Kd) may have significant amounts lost 
with evapotranspiration. Inadequate consideration of this process could lead to 
overestimation of potential pesticide loadings to the vadose or groundwater zones. 
In the hydrology component of the DRAINAGE model, soil water depletion by 
evapotranspiration is considered as one unit and hence the loss of pesticide mass through 
evapotranspiration is also considered as a lumped parameter. Since evapotranspiration is 
calculated by layer, and pesticide concentrations are estimated by layer, pesticide losses 
through evapotranspiration are also considered by layer. 
The solution concentration for the appropriate layer, Cwi, is multiplied by the 
evapotranspiration mass, ETj, to calculate the pesticide mass moved from layer i, PMETi 
The pesticide mass is subtracted from the mass in layer i in a simple accounting procedure as 
PMETi = ETi Cwi (20) 
PMSi = PMSi-PMETi (21) 
and added to the pesticide residue in the (i-l)th layer 
PMSi.i = PMSi.i + PMETi (22) 
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If evaporation occurs from layer 1, the pesticide is not moved out of the soil in the model 
since volatilization is not explicitly modeled. 
Pesticide Concentrations in Subsurface Drainage Water 
Pesticide concentrations in the subsurface drainage water were estimated as a function 
of pesticide concentrations in the saturated soil profile. For each time step of model 
simulation, the same amount of water was drained from each layer in the saturated profile. 
The total mass of pesticide lost with drainage was estimated as 
N 
PMTW = XCwi (Sliver) (23) 
i=l  
where PMTW is the total pesticide mass loss in drainage from saturated profile and Sliver is 
the amount of water contributed to subsurface drainage from each layer. The pesticide 
concentration in subsurface drainage water for a given day was estimated as 
PMTW 
FLOW 
where PCON is the daily pesticide concentration in the drainage water and FLOW is the total 
daily drain flow. Once the pesticide concentrations in drainage water are estimated, the 
pesticide mass in all soil layers is updated as 
PMSi = PMSi - PMTWi (25) 
The discussion on pesticide processes represents the concepts from GLEAMS model 
that have been adopted in the DRAINAGE model; also, other processes incorporated into the 
DRAINAGE model as new processes (such as preferential movement of pesticide to the 
water table and pesticide in subsurface drainage waters) were briefly discussed in this section. 
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Methods and Materials 
Field Experiment Site and Observed Atrazine Concentrations 
Field experiments for this study were conducted at Iowa State University's Northeast 
Research Center (NERC) near Nashua, Iowa (Kanwar et al., 1993). The experimental site is 
located on Kenyon and Floyd soils with 3 to 4% organic matter (Table 1). The study site 
consists of 36 plots of 0.4 ha each. Each plot is drained by a single drain line installed at the 
1.2 m depth. The drains were spaced at 28.5 m apart. These drain lines were intercepted by 
individual sumps to study water quality and quantity issues related to subsurface drainage in 
1988. A detailed discussion on the automatic subsurface drain monitoring system is provided 
by Kanwar et al. (1993). Data on subsurface drainage outflows, and NO3-N and pesticide 
concentrations in drain water are available for this site. For pesticide sampling, composite 
subsurface drain water samples were taken weekly and after every major rainfall (greater than 
2.54 cm) within 60 days of pesticide application. For rest of the year, drain water sampling 
frequency did not exceed more than once a week when drain lines were flowing. Any unusual 
rain storm was sampled for both NO3-N and pesticide analyses. The data on subsurface drain 
flows and atrazine concentrations in subsurface drain flows, collected from two of the tillage 
systems, namely no-till (NT) and moldboard plow (MB), for the years 1990 to 1992 were 
used in this study to evaluate the DRAINAGE model. This data set was collected under 
continuous com production practice. 
Crop and Ciiemical Management 
Tillage and planting activities were carried out on the field as soon as the soil 
conditions permitted each year. Continuous com received 2(X) kg-N/ha during each year 
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before planting. The continuous-corn treatment receive alachlor + atrazine and terbufos for 
rootworm control. Dates of major field operations are provided in Table 2. Tillage was 
comprised of disking in moldboard plow plots and use of a field cultivator in the case of no-
till plots. Com was planted in rows with rows parallel to drain lines (Kanwar et al., 1993). 
Pesticides were applied to the soil during the planting operation, with herbicides 
sprayed as a tank mix over the entire surface area. The characteristics of the pesticides and 
the application rates are shown in Table 3. 
Model Input Parameters 
Most of the weather data needed for model simulations were available for the study 
site. Daily rainfall data collected from the study site were used as input to the model and 
converted to 15 min rainfall intensity as explained in the model development section of this 
paper. Other data such as open pan evaporation, wind velocity, air temperature, and soil 
temperature were also collected at the study site. 
Daily pan evaporation data are needed to calculate the evapotranspiration rates for 
com. A detailed procedure to calculate ET by the DRAINAGE model is described by Kanwar 
(1981). 
The data on initial soil water content, field capacity (0 1/3 bar), wilting point (0 isbar), 
diffiisivity, lateral hydraulic conductivity, and initial water table depth are required as inputs to 
the model. Wilting point and field capacity values were taken from Sharpley and William 
(1990). Table 1 provides initial soil water contents and field capacity values for both the tillage 
systems under study. The saturated hydraulic conductivity for the soil profile was obtained fi-om 
model calibration as field measured values showed large variations. 
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The planting and harvesting dates for com, distribution of the com root system as a 
function of time, the crop development ratios, and crop stress factors as a function of soil 
moisture are required as input to the model and were taken from Kanwar (1981). 
Initial atrazine concentrations in the soil profile are required as input data for the 
model simulations. Field observed initial concentrations in the soil profile at the study site 
were used as input to the model. The initial atrazine concentrations in the soil profile for both 
tillage (NT and MB) systems are shown in Table 4. 
Results and Discussion 
The DRAINAGE model was modified by incorporating a pesticide component into it 
for simulating pesticide concentrations in the subsurface drain water. The pesticide 
subroutine of the DRAINAGE model is based on GLEAMS pesticide component (Leonard et 
al., 1987). Most of the pesticide characteristics such as water solubility and Koc were taken 
from the GLEAMS User Manual. However, field measured soil half-life values for atrazine 
were used as input to the model for various soil layers. 
Model Calibration 
The hydrology component (including preferential flow component) of the 
DRAINAGE model was calibrated by using observed subsurface drain flows for 1990. The 
methods of model calibration and validation of hydrology component of the model are 
discussed in detail by Kumar and Kanwar (1996). The model was also calibrated to obtain the 
best parameters for the pesticide component. The parameters such as partition coefficient 
(Koc) and half-life were obtained from the calibration. The criteria used for calibration for 
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the pesticide component was to minimize the difference between observed and predicted 
annual losses of atrazine with subsurface drain water. A trial and error procedure was used to 
get the best values of these parameters. Each parameter was varied within a reasonable range 
while all other parameters were kept constant. This procedure was followed for each 
parameter. To simulate the atrazine concentrations in subsurface drain flows, pre-calibrated 
values of macroporosity for both the tillage systems were used for preferential transport of 
the atrazine. Values of 0.02% and 0.01% were used for macroporosity for NT and MB 
systems, respectively. 
Model Evaluations 
The graphical method was used for the model evaluations. The performance of the 
model for simulating atrazine concentrations in subsurface drain water was evaluated by 
comparing the simulated atrazine concentrations with the observed concentrations for 1991 
and 1992. The subsurface drainage component of the model was calibrated using observed 
data for 1990. Calibrated values for each parameter were used in the model for atrazine 
simulations for 1991 and 1992. Initial atrazine concentrations used as input to the model are 
provided in Table 4. The daily rainfall and observed and predicted subsurface drain flows and 
atrazine concentrations for 1990 to 1992 are shown in Figures 2 through 7. 
Atrazine Concentrations in Subsurface Drain Flows for the NT System 
Figures 2 through 4 show the daily observed and predicted atrazine concentrations in 
subsurface drain water for a NT plot for 1990 to 1992, respectively. It is apparent from 
Figures 2 through 4 that the model gives reasonable predictions of atrazine concentrations in 
subsurface drain water for all the years with some exceptions for 1992. Figure 2 shows the 
observed and predicted atrazine concentrations for the calibration year, 1990. As Figure 2 
shows, the observed and predicted daily values of atrazine concentrations in subsurface drain 
flows followed similar trends, displaying decreasing concentrations as time after pesticide 
application increased. However, it appears that the predicted concentrations are greater than 
observed values for rainfall events for which additional observed concentrations were 
recorded. Figure 2 also indicates that highest atrazine concentration peaks occurred a few 
days after atrazine application (5 to 15 days after application). The highest atrazine 
concentration was observed on day 141 due to a heavy storm which may have transported 
atrazine to the subsurface drain due to preferential flow for year 1990. The highest predicted 
atrazine concentration peak, however, was observed for day 129 for a NT plot. This was due 
to the simple fact that a rainfall storm on day 129 (7 days after herbicide application) 
transported more atrazine to the drain water. The model predictions for atrazine 
concentrations in subsurface drain water for 1990 were within the range of observed values 
and effect of preferential transport of atrazine was very prominent for the calibration year, 
1990 (Figure 2). 
Figure 3 shows the daily rainfall, subsurface drain flow, observed and predicted 
atrazine concentrations for 1991. The predictions of the atrazine concentrations in subsurface 
drain flows by the DRAINAGE model followed the observed trends reasonably well (Figure 
3). As indicated in the Figure 3, the predicted peak of atrazine concentrations on day 162 was 
much greater than the observed value. This was due to the fact that a major rainfall storm, 
occurred on day 162, just 14 days after pesticide application (pesticide was applied on day 
148), and transported a significant mass of atrazine with preferential flow. However, the 
timings of peak concentrations for observed and simulated values occur at the same time with 
few exceptions. 
The comparison between predicted and observed atrazine concentrations in 
subsurface drain water for 1992 is shown in Figure 4. It is clear from the Figure 4 that the 
model could not predict atrazine concentrations in subsurface drain flows for 1992 
accurately. A simple analysis of Figure 4 indicates that only a few drain water samples were 
collected for atrazine concentrations in 1992 for lack of rainfall events making the 
comparison between observed and predicted values of atrazine concentrations in subsurface 
drain flows more difficult. As shown in the Figure 4, the predicted peaks of atrazine 
concentrations for 1992 are due to preferential flow. As mentioned earlier, the preferentially 
transported mass of pesticides is added to the soil layer containing water table. A preferential 
flow event, on a day when water table is low, will increase the concentrations in the 
subsurface water. This phenomenon emphasizes the importance of the time on a given day at 
which a water sample is collected for chemical analysis. 
Atrazine Concentrations in Subsurface Drain Flows for MB System 
Field observed data on atrazine concentrations in subsurface drain flows from a MB 
plow plot were used to evaluate the DRAINAGE model for atrazine predictions under the 
MB system. Figures 5 through 7 show the observed and predicted values of atrazine 
concentrations in subsurface drain flows for 1990 to 1992, respectively. Figure 5 shows the 
comparison between observed and predicted values of atrazine concentrations in the drain 
water for the calibration year, 1990. A close analysis of the Figure 5 reveals that atrazine 
concentrations predicted by the model compared reasonably well with the observed values for 
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1990. Although the model predicted larger peaks for atrazine concentrations compared to 
observed peaks, the timings of the peaks were predicted at the same time as observed values 
with few exceptions. 
Figures 6 and 7 show the observed and predicted atrazine concentrations in 
subsurface drain flows from a MB plot for 1991 and 1992, respectively. The predicted 
concentrations of atrazine in subsurface drain flows for 1991 compared reasonably well. 
However, the model did not do a good job in predicting atrazine concentrations in subsurface 
drain flows for 1992. As shown in Figure 6, the predicted concentrations of atrazine were not 
very far from the observed values except on days 151 and 162 when the model predicted 
much greater peak concentrations than observed values. The year 1992 was dry in the later 
part of the growing season and only small amounts of subsurface drain flows were recorded. 
Few events of preferential flow in 1992, when drains were flowing (low water table), 
transported a significant mass of pesticide into drain line giving sharper peaks. Also, lack of 
enough field data limits the comparison between observed and predicted concentrations for 
1992. However, a closer look at the Figures 5 through 7 shows that model predictions were 
satisfactory for all the years with few exceptions considering variability in the field data. 
Annual Atrazine Losses with Subsurface Drain Water 
The observed and simulated values of subsurface drain flows for both tillage systems 
(NT and MB) for the years 1990 to 1992 are shown in Table 5. Data in Table 5 indicate that 
observed and predicted annual subsurface drain flows were in close agreement. Simulated 
values of subsurface drain flows also include preferential flow. Although the issues of the 
rapid movement of pesticide due to gradients developed by the drainage system and the 
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preferential flow have been addressed in the DRAINAGE model, deep seepage beyond the 
drain depth has not been considered. The water samples collected below the drain lines 
would give a better idea for comparison of simulated and observed values. 
Table 6 gives the comparison between predicted and observed atrazine losses with 
subsurface drain water. Data in Table 6 show that predicted losses of atrazine with the 
subsurface drain water compared reasonably well with the observed atrazine losses under the 
NT system except for 1992. In 1991, the observed atrazine losses were lower compared to 
1990. However, the observed drain flows were greater in 1991. This could be due to the fact 
that 1990 was a wet year after two extremely dry years. Drainage events in 1990 might have 
flushed some of the atrazine traces left from 1989, giving greater losses in 1990. In 1992, the 
predicted losses were much greater than the observed losses. As mentioned earlier, the higher 
predictions of atrazine losses were associated with the preferential transport of atrazine. 
However, observed data do not indicate the preferential flow phenomena as drains were 
flowing very low for most of the season in 1992. 
The predicted atrazine losses with subsurface drain water from a MB tillage system 
were not too far from the observed losses for 1991, however, predicted losses for 1992 were 
not close to the observed losses. Table 6 indicates that the model did not predict atrazine 
losses really well for MB tillage system for the calibration year of 1990, partly because of the 
differences in the subsurface drain flows. On the average, the predicted concentrations of 
atrazine in subsurface drain water were close to the observed values considering variability in 
the field data. The model does a better job in predicting atrazine concentrations for the NT 
system, whereas predictions for the MB tillage system are highly variable. Despite spatial 
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variability in the physical soil properties and the complexity of the drainage system, the 
model does a reasonably good job in predicting of atrazine concentrations and losses with 
subsurface drain water. 
Summary and Conclusions 
The pesticide component, based on the GLEAMS model (Leonard et al., 1987), was 
developed and incorporated into the DRAINAGE model (Kanwar et al., 1983). The pesticide 
component was integrated with the preferential flow component and subsurface drainage 
components to simulate pesticide leaching into subsurface drainage water. The modified 
DRAINAGE model was calibrated and evaluated by comparing the predicted atrazine 
concentrations in subsurface drain flows with observed data for three years (1990-92) from 
the Nashua Water Quality Site of Iowa State University under two tillage systems. Following 
conclusions were drawn from this study. 
1. A pesticide component to simulate pesticide concentrations in subsurface 
drain flows was developed and tested successfully. 
2. Three years (1990-92) of simulations on the atrazine movement into 
drainage water showed close agreement between the observed and 
simulated values except for 1992. 
3. Simulation results indicate that model should be tested for normal rainfall 
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Particle Size Distribution (%)i 
Sand Silt Clay 
1 0-20 0.23 1.50 0.45 2.0 38 42 20 
2 20-40 0.27 1.52 0.43 0.8 41 34 25 
3 40-50 0.26 1.55 0.42 0.6 42 32 26 
4 50-70 0.28 1.60 0.40 0.4 43 30 27 
5 70-90 0.26 1.65 0.38 0.3 44 28 28 
6 90-120 0.29 1.70 0.36 0.2 44 31 25 
7 120-170 0.28 1.75 0.34 0.2 44 31 25 
** Adopted from Singh and Kanwar (1995). 
* Taken from Sharpley and Williams (1990) 
§ Experimentally measured (Singh, 1994). 
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Table 2. Data on N fertilization, tillage, pesticide application, planting, and harvesting 
Year 
Treatment 1990 1991 1992 
Nitrogen (202 kg/ha) 23 April 14 May 2 May 
Pesticides! and Planting 2 May 28 May 6 May 
Tillage 26 May 20 June 5 June 
Harvesting 1 October 8 October 16 October 
§ Alachlor, Atrazine and Cyanazine were applied 
Table 3. Pesticide characteristics and application rates at the experimental site * 













Alachlor Lasso 242 18 3 0.4 190 2.2 
Atrazine Aatrex 33 60 2 0.5 160 2.8 
Cyanazine Bladex 165 14 2 0.6 168 2.8 
* Columns 1 through 7 taken from GLEAMS User Manual, Version 1.8.55, Davis et al., 1990. 
Column 8 reported by Kanwar et al., 1993. 
Table 4. Initial atrazine concentrations in soil profile for 1990 to 1992 
Atrazine Concentrations (ug/g) 
NT§ MB$§ 
Soil Depth (cm) 1990 1991 1992 1990 1991 1992 
0-20 0.136 0.202 0.103 0.094 0.141 0.081 
20-40 0.041 0.059 0.044 0.019 0.014 0.014 
40-50 0.022 0.036 0.029 0.003 0.000 0.003 
50-70 0.007 0.007 0.007 0.000 0.000 0.000 
70-90 0.006 0.000 0.003 0.000 0.000 0.000 
90-120 0.000 0.000 0.000 0.000 0.000 0.000 
120-170 0.000 0.000 0.000 0.000 0.000 0.000 
§ no-tillage plot 
§§ moldboard plow plot 
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Table 5. Total seasonal predicted and observed subsurface drain flows for 1990, 1991, and 
1992 
Year Precipitation Subsurface Drain Flows (cm) 
(cm) NT MB 
1990 105.0 
(DOY* 91-334) Observed" 27.5 11.8 
Predicted 30.5 14.5 
% Difference 11.5 22.8 
1991 85.4 
(DOY* 91-334) Observed" 28.8 16.6 
Predicted 29.4 16.4 
% Difference 2.0 1.2 
1992 71.8 
(DOY* 92-335) Observed" 10.4 5.3 
Predicted 11.0 3.7 
% Difference 5.7 30.0 
** Average of three replications 
Day of the year 
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Table 6. Observed vs. predicted annual atrazine losses with subsurface drainage ware from 
1990 to 1992* 
Year Precipitation Atrazine Losses (g/ha) 
(cm) NT MB 
1990 105.0 
(DOY" 91-334) Observed 26.9 2.8 
Predicted 26.0 10.0 
% Difference 3.3 257.0 
1991 85.4 
(DOY 91-334) Observed 16.1 2.3 
Predicted 17.0 7.0 
% Difference 5.6 204.0 
1992 71.8 
(DOY 92-335) Observed 0.2 0.3 
Predicted 4.0 0.3 
% Difference 1900.0 0.0 
* Observed values are adopted from Kanwar et al., 1993. 
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Figure 6. Daily rainfall and observed and predicted subsurface drain flows and atrazine concentrations in drainage 
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COMPARISON BETWEEN drainage and rzwqm FOR PREDICTING NO3-N 
AND ATRAZINE CONCENTRATIONS IN SUBSURFACE DRAIN FLOWS 
A paper to be submitted to the TRANSACTIONS of the ASAE 
Ajay Kumar and R.S. Kan war 
Abstract 
The subsurface water quality models, DRAINAGE and RZWQM, were compared for 
their ability to predict subsurface drain flows and nitrate-nitrogen (NO3-N) and atrazine 
concentrations in subsurface drain flows using three years (1990-1992) field data from a plot 
under no-till com in the Northeastern Iowa. The models were used in an uncalibrated mode 
for NO3-N nitrate and pesticide predictions but subsurface drainage component of the models 
was calibrated using field observed data on subsurface drain flows for 1990. The comparison 
of models was based on graphical displays and statistical measures. For the calibration year, 
both the models simulated subsurface drain flows reasonably well. However, for 1991 and 
1992 (validation years), DRAINAGE model performed better compared with RZWQM 
model with a lower mean difference (Md) and a higher positive correlation coefficient (R") 
between observed and predicted values. The overall mean differences for DRAINAGE and 
RZWQM were -0.0106 and -0.0336, respectively, while correlation coefficients for these 
models were 0.70 and 0.43, respectively. 
Both DRAINAGE and RZWQM models predicted NO3-N concentrations in 
subsurface drain flows reasonably well with overall Ma of 0.8981 and 3.4810, respectively, 
and R^ of 0.70 and 0.82, respectively. Overall, DRAINAGE model predicted atrazine 
concentrations in subsurface drain flows better than RZWQM. The overall statistical analysis 
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of atrazine concentrations predicted by the DRAINAGE model resulted in a Mj of 2.028 and 
R" of 0.58 while for RZWQM model predictions resulted in a Md of 5.54 and R" of 0.21. 
Overall results of this study indicate that both DRAINAGE and R2WQM models are 
capable of predicting subsurface drain flows, and NO3-N and atrazine concentrations in 
drainage water reasonably well. However, this study also indicates that neither of the models 
may be used for absolute predictions. Overall statistical measures, used in this study to 
compare the performance of models, indicate that DRAINAGE model performs better than 
RZWQM model for the situations studied. Also, it is important to note that selection of a 
particular model should be based on input data requirement and its intended use. 
Introduction 
Contamination of surface and groundwater bodies from nonpoint sources has been a 
major environmental issue for scientists and the public at large. Use of chemicals in 
agriculture has been recognized as a major source of water pollution. Com, which receives 
high doses of nitrogen (N) fertilizer and herbicides, is a major crop grown in the midwestem 
United States. Approximately, 98% of the com hectares receive herbicides in Iowa 
(Wintesteen and Hartzler, 1987). Subsurface drainage is a common practice in the 
midwestem United States. Subsurface drains can be used to study the water quality issues 
related to agriculture (Hallberg et al., 1986). Several field studies have been conducted to 
study the quality and quantity of drainage water to investigate the fate and transport of 
surface applied agricultural chemicals (Baker et al., 1975; Everts and Kanwar, 1990; Kanwar 
and Baker, 1991; Kladivko et al., 1991). However, field studies are limited to number of sites 
and scenarios (Shoemaker and Magette, 1987). Limitation of field studies arises from high 
cost and large amount of time involved in data collection. This problem has lead to the 
development of several computer simulation models to study the fate and transport of surface 
applied agricultural chemicals. 
Computer simulation models are considered as an inexpensive and environmental 
friendly tools for predicting the fate and behavior of agricultural chemicals (e.g. fertilizers 
and pesticides) in the environment on a site specific basis. Modeling , however, requires the 
understanding of complex chemical, physical, hydrological, and biological interactions which 
are difficult to incorporate into a mathematical model that includes all processes in full 
(Leonard et al., 1987; Smith et al., 1991). 
Several process oriented models have been developed to simulate NO3-N and 
pesticide behavior under field conditions. The complexity of these models depends upon the 
input data requirement and their intended use. Nofziger and Homsby (1984) developed the 
CMIS model as an educational tool for use in extension and teaching in Florida. Wagenet and 
Hutson (1987) developed the LEACHMP model which can simulate the pesticide transport to 
groundwater. However, the model is not effective in evaluating impacts of management 
practices on groundwater loadings. PRZM, a Pesticide Root Zone Model, developed by 
Carsel et al. (1985) is capable of simulating pesticide through root zone to groundwater. This 
model was developed to be used for pesticide registration. Leonard et al. (1987) developed 
the GLEAMS model for simulating NO3-N and pesticide loadings in the root zone as affected 
by agricultural management practices. However, most of these above mentioned models do 
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not have the subsurface drainage component, which makes them unfit for use in the areas 
with subsurface drainage systems. 
Skaggs (1978) developed a computer simulation model, DRAINMOD, that simulated 
the movement of soil water as affected by various subsurface water management practices. 
DRAINMOD has further been modified as DRAINMOD-N for predicting N transport, 
uptake, and transformations in artificially drained soils (Breve et al., 1994). Kanwar et al. 
(1983) developed a computer simulation model, DRAINAGE, to simulate N losses with 
subsurface drainage water. DRAINAGE model was recently modified by Kumar (1996) to 
simulate NO3-N and pesticide concentrations in subsurface drainage water. RZWQM 
(USDA-ARS, 1992) was developed to simulate NO3-N and pesticide concentrations in soil 
profile. The recent addition of a subsurface drainage component in the RZWQM (Johnson et 
al, 1995) provides the option of simulating NO3-N and pesticide concentrations in the 
subsurface drainage water. 
The increasing use of simulation models to study the fate and transport of agricultural 
chemicals in the environment, makes the evaluation of models an important issue. Another 
important issue in simulation modeling is the selection of an appropriate model. The use of a 
simulation model may be limited due to lack of detailed data required as input to the model. 
A comparison study of the two simulation models (DRAINAGE: Kanwar, 1981 and 
RZWQM; USDA-ARS, 1992) was conducted to evaluate their ability in predicting NO3-N 
and pesticide concentrations in subsurface drainage water. The models were selected because 
both are well documented, easy to use, readily available, and able to simulate water, NO3-N 
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and pesticide leaching, and both can evaluate the effect of various management practices on 
chemical leaching. 
The objective of this study was to compare the ability of DRAE^AGE and RZWQM 
computer models to simulate NO3-N and atrazine concentrations in subsurface drainage water 
using three years (1990-1992) of field data. The specific objectives of this study were: 
1. To simulate NO3-N concentrations in subsurface drainage water using DRAINAGE and 
RZWQM models for a no-till system and compare the results obtained from both the 
models and 
2. To simulate atrazine concentrations in subsurface drainage water using DRAINAGE and 
RZWQM models for a no-till system and compare the results obtained from both the 
models with the observed values collected from Iowa State University's Nashua Water 
Quality Research Site near Nashua, Iowa. 
Description of Models 
In each model, the soil profile is represented by a number of layers. In DRAINAGE 
model, the soil profile is divided into 31 soil layers with each 5.0 cm thick, while in 
RZWQM, the soil profile is divided into 1-cm thick layers. The DRAINAGE model operates 
only for a growing season as thaw and freezing of soils is not considered in the model. 
RZWQM can be used for a growing season or continuous simulations. Detailed descriptions 
of DRAINAGE and RZWQM can be found in Kumar (1996) and USDA-ARS (1992), 
respectively. The following sections describe these models in brief. 
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DRAINAGE Model 
The DRAINAGE model (Kanwar et al., 1983) was developed to simulate the 
subsurface drain flows and its nutrient concentrations from a typical agricultural field. The 
model has been modified by adding new infiltration, macropore flow, N, and pesticide 
subroutines (Kumar, 1996). The model consists of three primary components: hydrology, N, 
and pesticide transport. The model assumes one-dimensional flow (vertical into soil profile) 
and operates on 15 min time steps and is driven by daily precipitation and pan evaporation 
data. The hydrology component calculates infiltration using Grenn-Ampt-Mein-Larson 
(GAML) function. The runoff is calculated as the difference between surface storage (after 
ponding) and infiltration. The model can also simulate the flow through macropores. The 
redistribution of moisture in the unsaturated soil profile is based on generalized soil terms 
including field capacity and wilting point. The subsurface drain flows are computed using 
Hooghoudts steady state equation as modified by Bouwer and van Schilfgaarde (1963). 
The major nutrient processes considered in the DRAINAGE model are: 
mineralization, immobilization, denitrification, and plant uptake of N. The model requires 
input data on initial NO3-N concentrations in the soil profile and residue cover and can 
simulate the NO3-N in runoff, soil, drain flows, and plant uptake. 
The pesticide component of the DRAINAGE model calculates the loss of pesticide 
with runoff water, plant uptake, and loss with subsurface drainage water. The pesticide 
processes incorporated into the DRAINAGE model are: pesticide degradation, pesticide 
extraction into runoff, plant uptake, and pesticide percolation. The model can predict the 
pesticide adsorbed in the soil profile and pesticide concentrations in subsurface drain flows. 
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RZWQM Model 
RZWQM. Version 3.0 simulates the movement of water, nutrients, and pesticides 
over and through the root zone of a unit area. The recent addition of subsurface drainage 
component in this model (Johnson et al., 1995) provides the option of simulating subsurface 
drain flows and its nutrient and pesticide concentrations. It also assumes a one-dimensional 
flow. The model operates on variable time step and is driven by break-point rainfall, daily air 
temperatures, and relative humidity. 
The model consists of three major components: hydrology, nutrient, and pesticide 
transport. The hydrology component calculates the infiltration into soil matrix using the 
Green-Ampt equation. The difference between precipitation and infiltration becomes runoff. 
After infiltration, the redistribution of moisture is computed with the Richard's equation. The 
model also can incorporate the water movement through macropores. The model does not 
have the option to calculate soil loss with erosion. Soil surface evaporation and plant 
transpiration are calculated using a form of the Penman Monteith equation that enables each 
to be separately identified but linked through energy transfer. 
The nutrient processes define carbon (C) and N transformations within the soil 
profile. Given initial levels of soil humus, crop residues, other organic, NO3-N, and 
ammonium-nitrogen (NH4-N) concentrations, the model simulates mineralization, 
nitrification, immobilization, denitrification, and volatilization of appropriate N. The model 
can simulate NO3-N concentration in runoff and subsurface drain flows. 
The pesticide component calculates pesticide uptake by plants, surface runoff, decay 
and transformation, leaching into vadose zone and subsurface drainage. Depending upon the 
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application site and given the plant, crop residue, soil and pesticide characteristics, and 
environmental conditions, the model simulates the amount of pesticide reaching the soil 
surface and the amounts adsorbed and moving through each soil layer. 
DRAINAGE and RZWQM both use similar hydrological and chemical processes to 
predict chemical concentrations in the subsurface drain flows. DRAINAGE model uses 
relatively less input data, while RZWQM requires complex and a large amount of input data. 
The DRAINAGE model considers the effect of temperature on pesticide degradation and can 
simulate up to 10 pesticides and their metabolites simultaneously. Also, soil half-life of 
pesticides can be given as input to each layer separately in the DRAINAGE model, while 
RZWQM does not have such a facility. Both the models are research models, but they can be 
used as management tools. 
Materials and Methods 
Study Site 
Field experiments for this study were conducted at Iowa State University's Northeast 
Research Center (NERC) near Nashua, Iowa (Kanwar et al., 1993). The study site is located 
on Kenyon, Floyd, and Readlyn soils with 3 to 4% organic matter (Table 1). The study site 
consists of 36 plots of 0.4 ha each. Each plot is drained by a single drain line installed at 1.2 
m depth. The drains were spaced at 28.5 m apart. Each of these drain lines were intercepted 
by an individual sump to study water quality and quantity issues related to subsurface 
drainage in 1988. A detailed discussion on the automatic subsurface drain monitoring system 
is provided by Kanwar et al. (1993). Field observed data on subsurface drainage outflows. 
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and NO3-N and pesticide concentrations in drain water are available for this site. Water 
samples were collected every alternate day for NO3-N analysis, while weekly samples were 
collected for pesticide analysis. For pesticide sampling , composite subsurface drain water 
samples were taken weekly and after every major rainfall (greater than 2.54 cm) within 60 
days of pesticide application. For rest of the year, drain water sampling frequency did not 
exceed more than once a week when drain lines were flowing. Any unusual rain storm was 
sampled for both NO3-N and pesticide analyses. The data on subsurface drain flows and 
atrazine concentrations in subsurface drain flows, collected from a no-till plot for the years 
1990 to 1992 were used in this study to evaluate the DRAINAGE and RZWQM models. This 
data set was collected under continuous com production practice. 
Crop and Chemical Management 
Tillage and planting activities were carried out on the field as soon as the soil 
conditions permitted each year. Continuous com received 200 kg-N/ha during each year 
before planting. The continuous-corn treatment also receive alachlor + atrazine and terbufos 
for rootworm control. Dates of major field operations are provided in Table 2. Tillage was 
comprised of disking in moldboard plow plots and use of a field cultivator in the case of no-
till plots. Com was planted in rows with rows parallel to drain lines (Kanwar et al., 1993). 
Pesticides were applied to the soil during the planting operation, with herbicides 
sprayed as a tank mix over the entire surface area. The characteristics of the pesticides and 
the application rates are shown in Table 3. The same chemical management input data were 
used for both the models. 
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Input Parameters for Models 
Most of the weather data needed for model simulations were available for the study 
site. Daily rainfall data collected fioni the study site were used as input to the models and 
converted to 15 min rainfall intensity based on SCS Type n rainfall distribution curve for the 
DRAINAGE model, while breakpoint rainfall data were used for the RZWQM. Other data 
such as open pan evaporation, wind velocity, air temperature, and soil temperatures were also 
collected at the study site. In addition to the above mentioned input data, RZWQM also 
requires solar radiation and relative humidity. 
Daily pan evaporation data are needed to calculate the evapotranspiration rates for 
com. A detailed procedure to calculate ET by the DRAINAGE model is described by Kanwar 
(1981). 
The data on initial soil water content, field capacity (0 1/3 bar), wilting point (0 isbar), 
diffusivity, lateral hydraulic conductivity, and initial water table depth are required as inputs to 
the model. Wilting point and field capacity values were taken from Sharpley and William 
(1990). Table 2 provides field capacity values for no-till system plot which were used as initial 
water contents for the model simulation. The saturated hydraulic conductivity for the soil 
profile was obtained from model calibration as field measured values showed large variations. 
The planting and harvesting dates for com, distribution of root system as a function of 
time, the crop development ratios, and crop stress factors as a function of soil moisture are 
required as inputs to the model and were taken from Kanwar (1981). 
Initial NO3-N and atrazine concentrations are required for the model simulations. 
Field observed initial concentrations of atrazine were available in the soil profile at the study 
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site and were used as inputs to the model. The initial concentrations of NO3-N in the soil 
profile were kept the same for both the models as reported by Singh and Kanwar (1994). 
Evaluation of Models 
The evaluation procedure included both model calibration and validation processes. 
Both the models were calibrated for hydrology component only using field observed data for 
1990. The NO3-N and pesticide components of both the models were not calibrated. After the 
models were calibrated for the year 1990, they were evaluated using 1991 and 1992 data. 
Both graphical and numerical (statistical analysis) means were employed to evaluate the 
model performances. The comparisons of predicted versus observed data were made for 
subsurface drain flows, and NO3-N and atrazine concentrations in subsurface drain flows. 
The statistical methods suggested by Addiscott and Whitmore (1987) were used to 
evaluate the simulation capability of the two models. The statistical methods used in this 
study to compare the two models were: correlation coefficient between observed and 
predicted values (R"), and the mean difference between observed and predicted data (M<j). 
Correlation coefficient (R^) is a measure of the degree of association between predicted and 
observed values. The mean difference (Md = Z(observed -predicted)/ number of 
observations) is a measure of the average deviation of the predicted values from the observed 
values. A positive, high correlation, and a small non-significant Md indicate statistically, the 
accuracy of model prediction. Also, the sign of the Mj suggests that, on average, the 
simulation is either overestimating (-) or underestimating (+). A t-test was used to determine 
whether Md was significantly different from zero (Addiscott and Whitmore, 1987). 
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Calibration of the Models 
Both DRAINAGE and RZWQM models were calibrated to obtain best hydrology 
parameters for a more direct assessment of the NO3-N and pesticide components of the 
models. The goal was to calibrate the subsurface drainage components of both the models. 
The calibration was done using a limited number of iterations and keeping parameter values 
within a reasonable range. 
The criteria used for model calibration was to minimize the difference between the 
measured and predicted cumulative subsurface drain flows for the growing season of 1990 
(April 1 to November 30). A trial and error procedure was used to determine the best possible 
value of various parameters that were physically measured or used in model simulations such 
as hydraulic conductivity. 
It was found during calibration of hydrology component that calibration of both 
models did not result in equal values of various parameters. Two different values for each 
saturated hydraulic conductivity and effective porosity were obtained from calibration. This 
could be due to the fact that both models differ in their structure and concepts. For example, 
RZWQM model uses Richard's equation for moisture redistribution while DRAINAGE 
model uses a simple concept of moisture accounting procedure based on field capacity. 
Model Comparison and Discussion 
Data collected from the subsurface drained plot (no-till) for 1990 to 1992 were used 
to compare the performance of DRAINAGE and RZWQM in simulating three parameters: 
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(1) subsurface drain flows, (2) NO3-N concentrations in subsurface drain flows, and (3) 
atrazine concentrations in the subsurface drain flows 
Subsurface Drain Flows 
The daily rainfall, and the observed and predicted subsurface drain flows simulated by 
the two models, DRAINAGE and RZWQM, are shown in the figures 1 through 3. Predicted 
yearly water balance for Drainage and RZWQM models is presented in Table 4. Both the 
models predicted subsurface drainage water close to the observed value for 1990 (Table 5). 
However RZWQM tends to overpredict subsurface drainage compared to the DRAINAGE 
model for both the years 1991 and 1992. It is also evident from the Table 4 that RZWQM 
underpredicted the runoff and evapotranspiration for all the three years simulated compared 
to the DRAINAGE model. 
Figure 1 shows that daily observed and predicted subsurface drain flows for 1990. 
The DRAINAGE model overpredicted the subsurface drain flows in the beginning of the 
simulation period, while RZWQM overpredicted the subsurface flows in the end of the 
simulation period. It is clear from the figure 1 that both the models followed the observed 
trend very well. However , both the models fail to predict the peak subsurface drain flows 
resulted from preferential flow. This could be due to the fact that both the models were 
calibrated for predicting total volume rather than predicting peak flows. 
For 1991, subsurface drain flows predicted by both the models followed the observed 
trend reasonably well. The RZWQM again underestimated the subsurface drain flows for the 
beginning of the growing season and overestimated the drain flows in the end. In 1992, the 
DRAINAGE model did not predict the drain flows very well in the end of simulation period. 
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However, the DRAINAGE model followed the observed trend very well for the major flow 
events in the beginning of the simulation period. RZWQM model again failed to predict the 
subsurface drain flows in the beginning of the simulation but overpredicted the drain flows in 
the end of the growing season. Overall both the models did a good job in predicting observed 
trend for all the years under simulation. 
Statistical comparison of simulated and observed values of subsurface drain flows 
were made by computing mean difference and correlation coefficient. Calibration for both the 
models using 1990 values resulted in a mean difference, Md, that was not significantly 
different from zero. Ma = 0, and correlation coefficient, > 0.65 (Table 6). Using these 
parameters from the calibration year as the criteria for accuracy, the RZWQM model did not 
accurately predict subsurface drain flows for 1992 while it produced satisfactory predictions 
for the year 1991. 
The DRAINAGE model predictions of the subsurface flows met the statistical criteria 
(Md =0.013 and R^= 0.786). Even though the DRAINAGE model did not meet the 
statistical criteria in 1992, plot of the results showed a reasonable trend compared to 
RZWQM model predictions (fig 3.). Overall statistical comparison shows that DRAINAGE 
model predictions were better than RZWQM with a lower Md value and a positive higher 
correlation coefficient. However Md was significantly different from zero for both the 
models. 
The results presented in the Tables 4,5,6, and 7 and in figs. 1 to 3 indicate that both 
DRAINAGE and RZWQM models predicted subsurface drain flows reasonably well for both 
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the years 1990 and 1991 but failed to predict reasonable results for 1992. However, total 
drainage predicted by DRAINAGE model was close to the observed value. 
The most obvious reason for simulation error in the validation years is that both 
DRAINAGE and RZWQM models do not include spatial variability. Another alternative 
explanation for the RZWQM model is that both evapotranspiration and runoff were 
underpredicted and more rainfall infiltrated into the soil profile and caused overestimation of 
subsurface drain flows. 
NO3-N Concentrations in Subsurface Drain Flows 
Figure 4 through 6 show the daily observed and predicted NO3-N concentrations in 
subsurface drain flows for 1990 to 1992. Average annual NO3-N concentrations predicted by 
DRAINAGE and RZWQM models are presented in Table 5. It is clear from the Table 5 that 
for 1990, the DRAINAGE model overestimated the NO3-N concentrations in drainage water. 
But for 1991 and 1992, model predictions were close to the observed values. RZWQM model 
predictions were close to the observed values in 1990 but did not do a good job in predicting 
NO3-N concentration for 1991. But RZWQM predictions were very close to the observed 
values in 1992. 
Figure 4 shows the daily observed and simulated NO3-N concentrations for 1990. It is 
evident from Figure 4 that both the models followed the observed trend reasonably well with 
few exceptions. The DRAINAGE model predicts higher concentrations during peak flow 
events. This is not very clear why the concentrations are not diluted during these events. 
However, overall predictions of NO3-N concentrations by the DRAINAGE model were 
satisfactory. RZWQM predicted NO3-N concentration very well for the year 1990 but could 
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not simulate peak concentrations very well (Figure 4). Similar trends of NO3-N concentration 
predictions were observed for both the models for 1991 (Fig 5). It is clear from Figure 5 that 
the DRAINAGE model overpredicted NO3-N concentration between the day 130 to 190 
when several major drain flow events took place. However, the NO3-N concentrations 
predicted by the DRAINAGE model were not far from the observed concentrations. 
RZWQM model underpredicted NO3-N concentrations for 1991 (Figure 5). However, the 
trends predicted by RZWQM model were close to the observed trends as compared to 
DRAINAGE model. RZWQM also predicted the NO3-N concentrations when drains stopped 
flowing in the end of growing season and no concentrations were recorded in the field. But 
predictions of NO3-N concentrations by the RZWQM were close to the observed values in 
the beginning of the growing season. For 1992, both the models predicted NO3-N 
concentration very well with few exceptions. Even though both the models failed to predict 
peak NO3-N concentration in the beginning of the growing season, trends were close to the 
observed values. 
Statistical comparison between observed and predicted NO3-N concentrations by 
DRAINAGE and RZWQM model are presented in Table 6 for years 1990 to 1992. It is 
evident from Table 6 that both the models did not predict NO3-N concentration very well 
.The Md (hypothesis :Md = 0 at 95% level of significance) values were significantly different 
from the zero for both the models in 1990 and 1991. However, RZWQM predictions had a 
higher value of R^ compared to the DRAINAGE model. For 1992, both RZWQM and 
DRAINAGE models predicted satisfactory results with Md not significantly different from 
zero. Even though both the models had Md not significantly different from zero for 1992, 
correlation coefficient for both the models were small. Overall statistical comparison (three 
years combined data) between observed and predicted NO3-N concentrations by both 
RZWQM and DRAINAGE models are presented in Table 7. It is clear from Table 7 that 
DRAINAGE model gives small mean difference than RZWQM . However RZWQM results 
produced higher correlation coefficient than DRAINAGE model. It is also evident from 
Table 7 that with a satisfactory correlation coefficient value (r"=0.77) and lower mean 
difference (Md = 0.898), DRAINAGE model predictions were better compared to RZWQM 
model. 
Atrazine Concentrations in Subsurface Drain Flows 
Atrazine concentrations in the subsurface drain flows were simulated by both 
RZWQM and DRAINAGE models for the years 1990 to 1992 and results were compared 
with the observed values obtained from the field. Figures 7 to 9 show the daily observed and 
predicted concentrations by both the models for the years 1990 to 1992, respectively. Annual 
atrazine losses with subsurface drain flows were also calculated and compared with the 
observed losses for all the years under simulation (Table 5). Table 5 shows that atrazine 
losses predicted by the DRAINAGE model were not very far from the observed values for the 
years 1990 and 1991. RZWQM predictions of atrazine losses were significantly lower than 
the observed for 1990 and 1991. However, both RZWQM and DRAINAGE models 
overpredicted atrazine losses for 1992 (Table 5). 
Figure 7 shows the daily observed and predicted atrazine concentrations for 1990. It is 
apparent from Figure 7 that DRAINAGE model followed the observed trend reasonably well. 
As it is clear from Figure 7, model predictions of atrazine concentrations were same as 
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recorded in the field with few exceptions. The model also showed the events of preferential 
transport of atrazine concentrations in the beginning of the growing season specially 
immediately after the pesticide application. Even though model showed the decreasing trend 
of atrazine concentrations in the drain flows as a function of time, there were fluctuating 
trends in the predicted data. Overall, DRAINAGE model predicted atrazine concentrations in 
subsurface drain flows close to the observed values. The RZWQM model predicted the 
atrazine concentrations in subsurface drain flows close to the observed values in the end of 
the growing season, but underpredicted in the beginning of the growing season. The 
RZWQM model also showed same type of fluctuations in predicting atrazine concentrations 
in the drainage water as recorded in the DRAINAGE model predictions. 
Figures 8 and 9 show the observed and predicted atrazine concentrations for the years 
1991 and 1992, respectively. It is clear from the figs. 8 and 9 that DRAINAGE model 
overpredicted while RZWQM underpredicted atrazine concentrations in the subsurface 
drainage water. However, both the models overpredicted atrazine losses higher than the 
observed losses for 1992. Also, none of the models showed observed trend reasonably well 
for 1992 as recorded in the field. However, considerations should also be given while 
comparing the observed and predicted results for 1992 that not many observed values were 
available. 
Statistical comparison between observed and predicted atrazine concentrations for 
1990 to 1992 is presented in Table 6. Overall comparison (three years of combined data) 
between observed and predicted results is presented in Table 7. It is evident from the Table 6 
that DRAINAGE model does a better job compared with the RZWQM model in predicting 
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atrazine concentrations for 1990 and 1991 (with lower mean difference and higher correlation 
coefficients). However, relatively lower correlation coefficient for DRAINAGE model in 
1991 shows that model predictions were more dispersed from the observed values. On the 
other hand, relatively high correlation coefficient for RZWQM model for 1991 indicate that 
predicted data were more close to the observed values. However, it is important to note that 
correlation coefficients for both the models for 1991 were not significantly different from 
each other. For 1992, both the models resulted in a mean difference, Md, not significantly 
different from zero. But lower correlation coefficient for DRAINAGE model indicate the 
deviation of predicted values from observed values. RZWQM model resulted in a satisfactory 
correlation coefficient (R2 = 0.58), indicating a less deviation between observed and 
predicted values. Considering all three years of simulation, it was observed that DRAINAGE 
model does a better job in predicting atrazine concentrations in subsurface drain flows with a 
Md = 2.02 and R^ = 0.58 when compared with RZWQM model which resulted in a relatively 
higher mean difference (Md = 5.54) and a lower correlation coefficient (R' = 0.21). 
Overall statistical and graphical analysis of the results indicates that both the models 
predicted subsurface drain flows reasonably well except for 1992 when RZWQM model 
overpredicted the flows by 16 cm. The obvious reason for this could be attributed towards the 
basic difference of moisture redistribution in RZWQM. RZWQM model uses Richard's 
equation for redistribution of moisture in the unsaturated zone of the soil profile. As seen in 
the results (Table 4), RZWQM tends to predict relatively low runoff and evapotranspiration 
losses which results into higher subsurface drainage as both the model do not consider deep 
percolation. 
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The errors in simulating NO3-N and atrazine concentrations in subsurface drain flows 
by both models could be due to several reasons. One reason can be attributed to the fact that 
both the models were not calibrated for chemistry and pesticide parameters. Other reason 
could be same as mentioned in the previous sections that either of these models does not 
consider the effect of spatial variability on NO3-N and atrazine transport in the soil. Also, a 
number of uncertainties exist in the deterministic, physically based models (Smith et al., 
1989). Moreover, errors due to inadequate or faulty representation of the system are inherent 
in all models. The small differences in predictions by both models could be due to the fact 
that both models use different concepts in modeling and structural difference can also be the 
reason for different predictions. 
In order to determine which of the two models performs better, the statistical 
approach (mean difference and correlation coefficient) given by Addiscott and Whitmore 
(1987) was used to evaluate the overall performance for all three parameters simulated. The 
overall simulations of subsurface drain flows and NO3-N and atrazine concentrations for 
three years of each model were compared with overall field observed values, as a result of 
this statistical comparison (Table 7), it was found that the DRAINAGE model performed 
slightly better than the RZWQM model. 
Summary and Conclusions 
The simulation models, DRAINAGE and RZWQM, were compared for their ability 
to predict subsurface drain flows, and NO3-N and atrazine concentrations in subsurface drain 
flows using field data for a plot under no-till com in the Northeastern Iowa for the years 1990 
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to 1992. The results must be viewed considering the fact that the comparison is based on just 
three years of field data. Other factors that must be considered in comparison of models are 
uncertainties associated with the field data involving measurement of pesticide 
concentrations at very low levels and the large variations in these observations over time and 
space. Also, the care must be taken while calibration of each model since these models differ 
in concepts and structure. 
The deterministic nature and the various simplifications incorporated in DRAB^AGE 
and RZWQM combined with the complexity of subsurface drainage system suggests that 
these models may not be used to make absolute predictions. Numerical and graphical analysis 
of the results indicate that DRAINAGE model did a slightly better job in simulating 
subsurface drain flows and atrazine concentrations while RZWQM model predicted NO3-N 
concentrations slightly better. However, it is important to note that overall statistical analysis 
resulted in a Md. which is significantly different from zero (for both the models). Conclusions 
from this study can be summarized as follows: 
1. Both DRAINAGE and RZWQM models predicted observed trend of 
subsurface drain flows reasonably well. However, overall statistical 
analysis of results indicate that DRAINAGE model was slightly better than 
the RZWQM. 
2. The RZWQM model does better job in predicting N03-N concentrations in 
subsurface drain flows (based on overall results). However, it is important 
to note that both RZWQM and DRAINAGE performed well in predicting 
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average annual concentrations, but were less reliable in predicting daily 
concentrations. 
3. Atrazine concentrations in subsurface drain flows predicted by the 
DRAINAGE model were relatively better with lower mean difference and a 
satisfactory correlation coefficient. The RZWQM model failed to predict 
both daily concentrations trends and annual losses reasonably well. 
4. The model comparison studies should be viewed considering the 
complexity of the problem, use of the model, and data requirements as 
input for simulations. Both RZWQM and DRAINAGE model should not 
be used for absolute predictions. 
To conclude, given that a certain degree of uncertainty in observed values, lack of 
representation of spatial variability, and input data requirements for both the models, results 
obtained from this study indicate that DRAINAGE model performs slightly better compared 
to RZWQM model. 
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Particle Size Distribution (%)6 
Sand Silt Clay 
1 0-20 0.23 1.50 2.0 38 42 20 
2 20-40 0.27 1.52 0.8 41 34 25 
3 40-50 0.26 1.55 0.6 42 32 26 
4 50-70 0.28 1.60 0.4 43 30 27 
5 70-90 0.26 1.65 0.3 44 28 28 
6 90-120 0.29 1.70 0.2 44 31 25 
7 120-170 0.28 1.75 0.2 44 31 25 
** Adopted from Singh and Kanwar (1995). 
* Taken from Sharpley and William (1990) 
§ Experimentally measured (Singh, 1994). 
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Table 2. Data on N fertilization, tillage, pesticide application, planting, and harvesting 
Year 
Treatment 1990 1991 1992 
Nitrogen (202 kg/ha) 23 April 14 May 2 May 
Pestcides§ and Planting 2 May 28 May 6 May 
Tillage 26 May 20 June 5 June 
Harvesting 1 October 8 October 16 October 
§ Alachlor, Atrazine and Cyanazine were applied 
Table 3. Pesticide characteristics and application rates at the experimental site * 














Alachlor Lasso 242 18 3 0.4 190 2.2 
Atrazine Aatrex 33 60 2 0.5 160 2.8 
Cyanazine Bladex 165 14 2 0.6 168 2.8 
• Columns 1 through 7 taken from GLEAMS User Manual, Version 1.8.55, Davis et al., 1990. 
Column 8 reported by Kanwar et al., 1993. 
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Table 4. Predicted yearly water balance for DRAINAGE and RZWQM models 
Year Precipitation Parameters Models 
(cm) DRAINAGE RZWQM 
1990 Drain Flows (cm) 30.4 30.4 
(DOY 91-334) 105.0 Runoff (cm) 19.7 14.7 
ET*(cm) 58.0 52.4 
1991 85.4 Drain Flows (cm) 29.3 31.1 
(DOY 91-334) Runoff (cm) 8.6 12.7 
ET'(cm) 55.0 36.5 
1992 71.8 Drain Flows (cm) 11.3 26.4 
(DOY 92-335) Runoff (cm) 3.7 0.2 
ET*(cm) 55.9 33.9 
* Evapotranspiration 
Table 5. Total seasonal predicted and observed subsurface drain flows, NO3-N 
concentrations and atrazine losses for DRAINAGE and RZWQM models 
Year Precipitation Models 
(cm) Parameters Observed DRAINAGE RZWQM 
1990 Drain Flows* 27.0 30.4 30.4 
(DOY 91-334) 105.0 NO3-N Cone." 40.5 46.1 38.8 
Atrazine Losses*" 26.9 24.0 10.8 
1991 85.4 Drain Flows' 26.1 29.3 31.1 
(DOY 91-334) NO3-N Cone.** 21.8 23.4 17.2 
Atrazine Losses 16.1 12.0 3.7 
1992 71.8 Drain Flows* 10.3 11.3 26.4 
(DOY 92-335) NO3-N Cone." 11.2 12.4 11.1 
Atrazine Losses*** 0.2 3.0 2.4 
* Subsurface drain flows (cm) 
" NO3-N concentrations in subsurface drain flows (ppm) 
Atrazine losses with subsurface drain flows (g/ha) 
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Table 6. Statistical comparison of simulated and observed values of subsurface drain 
flows and NO3-N and atrazine concentrations in the drainage water for years 1990 to 
1992 
DRAINAGE RZWQM 
Treatment Md T Value Md T Value R-^ 
1990 
Flows (cm) -0.015 0.377 0.697 -0.013 0.755 0.646 
NO3-N (ppm) -0.915§ 0.005 0.392 1.346§ 0.010 0.689 
Atrazine Conc.(ppb) 1.40§ 0.002 0.614 6.04§ 0.004 l.Oe-5 
1991 
Flows (cm) -0.013 0.176 0.786 -0.020 0.352 0.588 
NO3-N (ppm) -0.257§ 1.06e-6 0.003 6.681§ 2.12e-6 0.003 
Atrazine Conc.(ppb) 3.55§ 0.0266 0.420 9.489 0.0532 0.473 
1992 
Flows (cm) -0.004§ 6.53e-9 0.522 -0.065§ 1.31e-8 0.078 
NO3-N (ppm) 3.983 0.396 0.207 4.271 0.792 0.319 
Atrazine Conc.(ppb) 1.768 0.497 0.073 1.773 0.994 0.575 
§ Significantly different from zero at the 0.05 probability level 
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Table 7. Statistical comparison of overall simulated and observed values of subsurface 
drain flows and NO3-N and atrazine concentrations in the drainage water 
Model Treatments n Md T Value 
Flows (cm) 717 -0.0106§ 2.35e-6 0.70 
DRAINAGE NO3-N (ppm) 202 0.8981§ 2.25e-5 0.70 
Atrazine Conc.(ppb) 42 2.0280§ 4.08e-4 0.58 
Flows (cm) 717 -0.0336§ 4.71e-6 0.43 
RZWQM NO3-N (ppm) 202 3.4810§ 4.49e-5 0.82 
Atrazine Conc.(ppb) 42 5.5400§ 8.16e-4 0.21 
Denotes number of observations 
§ Significantly different from zero at the 0.05 probability level 
• observed 
— DRAINAGE 
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Figure 1. Daily observed and simulated subsurface drain flows for no-till plot for the year 1990 
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Figure 2. Daily observed and simulated subsurface drain flows for no-till plot for the year 1991 
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Figure 3. Daily observed and simulated subsurface drain flows for no-till plot for the year 1992 




























250 300 350 
4. Daily observed and simulated NO3-N concentrations in subsurface drain flows for no-till plot for the 
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Figure 5. Daily observed and simulated NO3-N concentrations in subsurface drain flows for no-till plot for the 
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Figure 6. Daily observed and simulated NO3-N concentrations in subsurface drain flows for no-till plot for the 
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7. Daily observed and simulated atrazine concentrations in subsurface drain flows for no-till plot for the 
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Figure 8. Daily observed and simulated atrazine concentrations in subsurface drain flows for no-till plot for the 
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9. Daily observed and simulated atrazine concentrations in subsurface drain flows for no-till plot for the 
the year 1992 for DRAINAGE and RZWQM models 
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OVERALL SUMMARY AND CONCLUSIONS 
1. The DRAINAGE model (Kanwar et al., 1983) was modified by changing the soil 
layer thickness from 15 cm to 5 cm to simulate subsurface drain flows. Field data on 
subsurface drain flows collected from Agricultural Engineering and Agronomy Research 
Center near Ames, Iowa were used for model validation and calibration. The overall results 
of this indicate that reduced soil layer thickness significantly improved the model 
performance. 
2. A new N subroutine patterned after GLEAMS (Knisel, 1993) was successfully 
added in the DRAINAGE model to simulate NO3-N concentrations and NO3-N losses with 
subsurface drain flows. Data on NO3-N concentrations from a field study (Kanwar and Baker, 
1993) of subsurface drain flows were used to calibrate and validate the modified model for 
the growing seasons of 1984 through 1991. Predicted NO3-N concentrations followed the 
observed trend quite well, but predicted losses of NO3-N with subsurface drain flows were 
slightly higher than observed values (10.5% on average). Overall results of this study indicate 
that modified DRAINAGE model (DRAINAGE-N) has a good potential for simulating long-
term NO3-N concentrations and losses with subsurface drain flows. 
3. The DRAINAGE model was further modified by changing infiltration process and 
by incorporating a preferential flow subroutine. The peformance of the modified model was 
evaluated by using field data on subsurface drain flows from a large drainage study. The 
model predicted subsurface drain flows were compared with the observed values for three 
years (1990-92). The predicted subsurface drain flows by the model were found to be in close 
agreement with observed flows. The prediction of peak subsurface drain flows was improved 
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with the addition of the preferential flow component in the DRAINAGE model. It was also 
observed from this study that the effects of preferential flow on subsurface drain flows was 
more important for the no-till system compared to moldboard plow system. 
4. A pesticide component, based on the GLEAMS model, was developed and 
incorporated into the DRAINAGE model for predicting pesticide concentrations in 
subsurface drain flows. The modified DRAINAGE model was evaluated for predicitng 
atrazine concentrations in subsurface drain flows for two tillage systems (no-till and 
moldboard plow) using three years (1990-1992) of field data ft-om the Nashua Water Quality 
Site of Iowa State University. The predicted atrazine concentrations in subsurface drain flows 
by the model were found to be in good agreement with the observed values with few 
exceptions. It was found that the model did a good job in predicting atrazine concentrations 
in subsurface drain flows for no-till system compared to the predictions for moldboard plow 
system. 
5. A comparison study between DRAINAGE and RZWQM models was conducted to 
evaluate the abilities of these models in predicting subsurface drain flows, and NO3-N and 
atrazine concentrations in subsurface drain flows. The statistical analysis of results of this study 
indicate that DRAINAGE model performed slightly better than the RZWQM. However, it was 
also observed that neither of the models may be used for absolute predictions. The model 
comparison study was limited to just one tillage system so study shoud be extended to other 
tillage practices before making any decisions regarding model selection. 
6. The modified DRAINAGE model was found to be suitable for predicitng subsurface 
drain flows and their NO3-N and atrazine concentrations under continuous com production 
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system. The model comparison study with RZWQM indicate that the DRAD^IAGE model 
requires less input data and gives reasonable predictions. However, the model should be 
modified for use in other cropping systems such as soybean. Also, various NO3-N and pestcide 
fate and transport processes need to be calibrated in the light of different tillage practices. 
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RECOMMENDATIONS FOR FUTUTE WORK 
The new subroutines for infiltration, preferential flow, and chemical and pesticide 
transport were added in the DRAINAGE model to make it more suitable for process oriented 
modeling and remove the empirical equations used for various water and NO3-N transport 
processes in the original model. Subsurface drain flows and their NO3-N and atrazine 
concentrations were simulated for no-till and moldboard plow tillage systems under continuous 
corm production system. Although the modified DRAINAGE model does a fairly good job in 
predicitng subsurface drain flows and their NO3-N and atrazine concentrations, model still 
needs modifications in many areas to improve its preditions. 
In its present form, DRAINAGE model uses a single value of Ksat for all the layers in 
the soil profile. Many field studies in the past have reported the change in saturated hydraulic 
conductivity as a function of depth. The use of different values for different soil horizons would 
result in more accurate subsurface drain flows and their NO3-N and atrazine concentrations. 
The model shoud be modified from its present form to enable the user to input different Ksat 
values for each depth. 
A deep seepage and lateral groundwater flow components are needed in the model to 
account for NO3-N and pesticide losses in these flows. 
The DRAINAGE model in its present form does not consider the loss of NO3-N and 
pesticides with soil due to lack of an erosion component. It is desirable to incorporate a erosion 
subroutine in the model to account for losses of chemicals with erosion. Also, the model should 
be changed to incorporate the effects of different tillage systems on various hydrologic and 
chemical processes. The pesticide component of the DRAINAGE model does not consider 
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voltalization in its present form. The pesticide componet of the model needs to be modified to 
simulate the pesticide losses through volatalization. 
The DRAINAGE model in its present form is not capable of simulation through the 
winter period. The research efforts in the future should be directed toward the addition of 
freezing-thawing component to the model. This will enable the model to be suitable for long-
term simulations and be more comprehensive. 
The model in its present form is unable to simulate for multiple cropping systems. The 
DRAINAGE model can only simulate for continuous com production system. Modifications 
are required in the plant growth component of the model to make it suitable for simulating 
crops besides com. 
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